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Abstract 

Severson,  Kieth  E.,  and  John  F.  Thilenius. 

1976.  Classification  of  quaking  aspen  stands  in  the  Black  Hills 
and  Bear  Lodge  Mountains.  USDA  For.  Serv.  Res.  Pap.  RM-166, 
24  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort  CoUins,  Colo, 
80521. 

Aspen  forests  were  classified  into  nine  "Aspen  Groups"  by 
cluster  analysis  of  a  similarity  matrix.  Attributes  used  in  analysis 
were  based  on  vegetation,  soils,  and  site  characteristics.  Aspen 
Groups  were  defined  at  a  minimum  similarity  level  of  60  percent. 
Relationships  of  soils,  flora,  and  vegetation  dynamics— within  and 
between  Aspen  Groups— are  discussed.  Aspen  Groups  delineated 
by  this  method  can  be  functional  units  for  both  research  and  man- 
agement purposes. 

Keywords:  Quaking   aspen,    Populus    tremuloides,    classification, 
cluster  analysis,  synecology. 
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Classification  of  Quaking  Aspen  Stands  in  the 
Black  Hills  and  Bear  Lodge  Mountains 

Kieth  E.  Severson  and  John  F.  Thilenius 


MONTANA 


WYOMING 


Background 


Quaking  aspen  (Populus  tremuloides),  here- 
after referred  to  as  aspen,  occupies  about  5  percent 
of  the  total  land  surface  of  the  Black  Hills  and 
Bear  Lodge  Mountains.  The  esthetic  importance 
of  aspen  has  long  been  recognized,  and  foresters 
have  recently  become  interested  in  aspen  forest 
types  for  possible  use  as  firebreaks  or  green  belts. 
Aspen  stands  are  also  important  as  wildlife  habi- 
tat, particularly  for  white-tailed  deer  and  ruffed 
grouse.  The  aspen  understory  is  one  of  the  most 
varied  and  productive  types  in  this  region,  and  is 
a  preferred  forage  source  for  domestic  livestock. 

The  objectives  of  this  study,  begun  in  1970, 
were  to  measure  differences  in  productivity,  com- 
position, and  nutritive  value  of  the  understory  in 
different  kinds  of  aspen  stands,  and  from  this 
data,  determine  which  are  most  valuable  for 
herbivores. 

The  first  problem  encountered,  however, 
involved  selection  of  study  sites.  The  kinds  of 
data  we  were  to  collect  obviously  prevented 
analysis  of  every  stand  in  the  study  area.  We  had 
to  select  typical  or  representative  aspen  stands 
that  could  be  intensively  studied  to  yield  results 
that  could  be  appUed  to  most  aspen  communities 
in  the  region.  We  are  reporting  here  the  findings 
of  an  initial  phase  of  the  study— inventory  and 
classification  of  aspen  stands.  Each  classification 
grouping  represents  a  similar  set  of  stands  from 
which  a  selection  can  be  made  for  intensive 
analyses. 


Study  Area 

Location  and  Geology 

The  Black  Hills  and  Bear  Lodge  Mountains, 
totaling  about  3.3  million  acres,  are  included  for 
the  most  part  in  the  Black  Hills  National  Forest. 
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Figure  1.— Location  of  Black  Hills  and  Bear  Lodge  Mountains. 


About  two-thirds  of  this  area  is  in  western  South 
Deikota,  and  the  remaining  one-third  in  north- 
eastern Wyoming  (fig.  1). 

The  Black  Hills  are  an  elongated,  dome- 
shaped  mass  arising  from  the  Northern  Great 
Plains.  The  central  area  is  composed  of  highly 
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Figure  2.— Isohyetal  map  of  Black  Hills  and  Bear  Lodge 
Mountains  (from  Orr  1959). 


dissected  Precambrian  metamorphic  material 
with  a  complex  of  ridges,  peaks,  and  parklike 
valleys  (Mcintosh  1949).  There  is  one  major  intru- 
sion of  Precambrian  granite  in  the  southern  part 
of  the  central  area,  which  has  weathered  into 
vertical  cliffs  and  rock  spires.  Harney  Peak  (7,242 
feet),  the  highest  elevation  in  the  Black  Hills,  is 
an  isolated  summit  in  this  region.  A  Paleozoic 
limestone  plateau  surrounds  the  central  area. 
This  limestone  formation  is  15  miles  wide  on  the 
western  side.  On  the  east,  the  limestone  belt  is 
very  narrow  and  almost  disappears  in  places.  It 
forms  steep  cliffs  and  outcrops  along  the  discon- 
tinuity between  the  limestone  and  other  forma- 
tions, and  along  canyons.  Along  the  northern  edge 
of  the  Black  Hills  there  is  a  series  of  Tertiary 
igneous  intrusive  rocks,  which  form  a  rugged 
topography  characterized  by  barren  talus  slopes. 
The  Bear  Lodge  Mountains  are  a  smaller, 
dome-shaped  mass  northwest  of  the  Black  Hills. 
The  highest  elevation  is  Warren  Peak  at  6,656  feet, 
an  igneous  intrusive  mass  similar  to  those  in  the 
northern  Black  Hills.  This  area  is  immediately 
surrounded  by  Paleozoic  limestones.  The  remain- 
der of  the  Bear  Lodge  Mountains  is  composed 
primarily  of  Mesozoic  rocks,  primarily  limestone 
and  shale  in  the  south  with  more  sandstone  in 
the  north. 


Climate 

Average  annual  precipitation  ranges  from 
less  than  18  inches  at  the  lower  elevations  to  over 
26  inches  at  the  higher  elevations  in  the  north- 
western Black  Hills  (fig.  2).  Most  precipitation 
falls  as  rain  during  May  and  June,  although  yearly 
snowfall  does  reach  93  inches  at  Sundance,  Wyo- 
ming, and  exceeds  100  inches  at  the  higher  eleva- 
tions southwest  of  Lead,  South  Dakota. 


Temperatures  exhibit  the  variation  t3T)ical 
of  a  continental  climate.  Average  annual  tem- 
peratures in  the  Black  Hills  vary  from  41  °F  (Sun- 
dance) to  48°F  (Hot  Springs),  with  an  extreme 
range  of  —40°  to  112° F.  Temperature  inversions 
are  also  common  during  winter. 


Vegetation 

The  vegetation  in  the  Black  Hills  and  Bear 
Lodge  Mountains  is  dominated  by  Pinus  port- 
deroscu  About  2  million  of  the  3.3  million  acres  of 
the  area  are  covered  with  this  species.  Picea  glauca 
is  the  dominant  species  on  north-facing  slopes  on 
Harney  Peak  in  the  southern  Hills,  and  on  the 
high-elevation  Umestone  plateau  in  the  north- 
western Hills.  Juniperus  scopulorum  dominates 
some  locales  in  the  southern  Hills. 

Deciduous  forest  types  are  represented  by 
Populus  tremuloides  and  Betula  papyrifera.  Both 
are  found  in  pure  as  well  as  mixed  stands  on  mesic 
sites.  Quercus  macrocarpa  reaches  tree  form  at 
lower  elevations  in  moist  situations  around  the 
Bear  Lodge  Mountains,  and  on  the  northwest, 
north,  and  east  sides  of  the  Black  Hills.  Ulmus 
americana,  Acer  negundo,  Fraxinus  pennsylvan- 
ica,  Ostrya  virginiana,  and  several  Populus  spp. 
occur  along  drainages  at  lower  elevations.  Stream- 
side  associations  at  higher  elevations  include 
Salix  bebbiana,  Comus  stolonifera,  and  Betula 
occidentalis. 

Shrub  zones,  characteristic  of  western  moun- 
tain ranges,  are  not  well  represented  in  the  Black 
Hills.  A  very  nfurow  band  of  Cercocarpus  mon- 
tanus  is  found  on  limestone-derived  soils  in  the 
southern  and  southwestern  Hills.  Irregular  pock- 
ets of  a  shrub  form  of  Quercus  macrocarpa  are 
scattered  along  the  western  and  northern  Black 
Hills  and  Bear  Lodge  Mountains. 

Grassland  types  are  also  scattered  throughout 
the  Hills.  A  mixed  prairie  type  is  found  on  drier, 
shallow  soils.  Moist  grassland  areas  with  deep 
soils  are  dominated  by  Poa  spp. 


analysis  of  a  similarity  matrix  based  on  vegeta- 
tion, soil,  and  site  attributes  of  100  randomly 
located  stands.  A  summary  report  of  silviculture 
of  Pinus  ponderosa  in  the  Black  Hills  has  also 
been  completed  (Boldt  and  Van  Deusen  1974). 

The  Populus  tremuloides/Betula  papyrifera 
type  has  received  some  attention,  primarily  be- 
cause of  its  importance  as  deer  summer  range. 
Schneeweis  et  al.  (1972)  sampled  the  overstory 
and  understory  in  four  Populus  tremuloides 
stands.  They  concluded  that  the  understories 
were  significantly  different  on  all  four  stands, 
primarily  due  to  variability  in  grass  cover.  This 
information  was  gathered  as  part  of  a  deer  food 
habits  study  in  the  aspen  type. 

Kranz  and  Linder  (1973)  compared  the  impor- 
tance of  Populus  tremuloides  types  to  mixed 
Populus  tremuloides/Pinus  ponderosa  for  deer  and 
cattle.  Detailed  measurements  of  both  the  over- 
story  and  understory  were  made  on  each  of  the 
three  types  in  three  different  locations  in  the 
north-central  Black  Hills.  Use  by  cattle  and  white- 
tailed  deer  was  determined  by  fecal  counts.  Cattle 
tended  to  use  the  aspen  communities,  whereas 
deer  preferred  the  mixed  tjpes. 

The  two  types  of  grasslands  found  through- 
out the  Black  Hills  and  Bear  Lodge  Mountains 
have  been  described  by  Pase  and  Thilenius  (1968). 
The  mixed  prairie  type,  dominated  by  Stipa 
comata,  Bouteloua  gracilis,  Andropogon  scoparius, 
A.  gerardii,  and  Agropyron  smithii,  was  found  on 
soils  developed  from  sandstone  or  Umestone  and 
on  shallower  soils  than  the  bluegrass  type.  The 
bluegrass  t5T)e  was  dominated  almost  exclusively 
by  Poa  pratensis,  although  P.  compressa  was 
dominant  in  one  area.  Phleum  pratense  was  also 
abundant  in  this  type.  The  bluegrass  type  was 
generally  associated  with  streams  or  at  higher 
elevations  on  soils  derived  in  place  from  sedimen- 
tary and  metamorphic  materials. 


Methods 


Literature 

The  flora  of  the  Black  Hills  has  been  well 
described.  Keys  and  descriptions  of  all  plant 
species  found  in  South  Dakota  (Van  Bruggen,  in 
press)  have  recently  been  completed  and  include 
the  Black  Hills.  Thilenius  (1971)  listed  1,759  taxa 
as  occurring  in  the  Black  Hills  and  Bear  Lodge 
Mountains. 

Thilenius  (1972)  classified  the  Pinus  pon- 
derosa type  into  13  "habitat  units"  by  cluster 


Field  Sampling 

Twenty-eight  aspen  stands  were  sampled 
throughout  the  Black  Hills  and  Bear  Lodge  Moim- 
tains  (fig.  3).  Sample  stands  were  selected  in  a 
stratified  random  manner  to  distribute  inven- 
toried stands  throughout  the  study  area.  Physical 
site  characteristics  described  for  each  stand  in- 
cluded aspect,  angle  and  position  of  slope,  eleva- 
tion, land  form,  relief,  and  presence  or  absence  of 
disturbing  factors  such  as  fire,  grazing,  logging, 
and  mining. 


Figure  3.— Location  of  stands  in  Black  Hills  and  Bear  Lodge 
Mountains.  Number  corresponds  to  Aspen  Group. 


Two  50-foot  line  transects  were  randomly 
established  within  each  stand.  Canopy  coverage, 
interpreted  as  a  vertical  projection  of  the  undis- 
turbed canopy,  was  estimated  for  each  species 
occurring  in  a  1 -foot-square  plot  placed  at  alter- 
nate foot  intervals  along  each  transect  for  a  total 
of  25  plots  per  transect.  Percent  frequency  was 
determined  by  counting  the  number  of  plots 
within  which  a  species  occurred,  and  dividing  by 
the  total  number  of  plots  in  the  transects.  A 
cover-frequency  index  (CFI)  was  obtained  by 
multiplying  the  percent  cover  by  percent  fre- 
quency for  each  species. 

Density  (stems  per  plot)  of  trees  was  recorded 
by  4-inch  diameter  at  breast  height  (d.b.h.)  classes 
on  five  10-  by  10-foot  plots  located  on  each  tran- 
sect. Counts  were  adjusted  to  stems  per  acre  for 
analysis. 

After  vegetation  sampling  was  completed,  a 
soil  pit  was  excavated  near  the  center  of  the  stand 
and  the  soil  described  according  to  standards 
estabUshed  by  the  U.S.  SoU  Survey  Staff  (1951). 
Geological  formations  were  determined  for  each 
stand  by  reference  to  Barton's  (1921)  geological 
map  of  the  Black  Hills,  and  from  material  col- 
lected from  subsurface  horizons  (C  and  R). 

Approximate  stand  ages  were  obtained  by 
cross  sectioning  or  core  sampling  (depending  on 
tree  size)  the  five  largest  trees  in  the  stand  and 
averaging  these  ages. 


Analytical  Methods 

To  identify  similar  aspen  stands,  we  slightly 
modified  the  method  Thilenius  (1972)  used  to 
classify  Pinus  ponderosa  units  in  the  Black  Hills. 

The  synecological  units  of  aspen  communities 
were  determined  by  grouping  the  sample  plots 
into  sets  whose  members  were  similar  in  vegeta- 
tion, soil,  and  site  attributes.  Table  1  gives  the 
characteristics  used,  their  units  of  measurement, 
and  method  of  coding. 


Tablel.— Attribute  coding  for  computer  analysis  (adapted  from  Thilenius  1972) 


B. 


Vegetation 

1.  Density  of  overstory  trees  (by  species  and 
d.b.h.  class)  in  percent. 

2.  CFP  of  large  shrubs  (by  species)  in  percent. 

3.  CFI  of  small  shrubs,  grasses,  sedges  and 
forbs  (by  species)  in  percent. 

SoU 

1 .  Number  of  mineral  horizons  present. 

2.  Total  depth  in  inches. 

3.  Thickness  of  the  O,  horizon  (litter)  in  inches. 

4.  Thickness  of  the  O2  horizon  (humus)  in 
inches. 

5.  Thickness  of  the  A,  horizon  in  inches. 

6.  Hue  of  the  Ai  horizon,  scaled  to  give  the 
highest  value  to  red  and  the  lowest  to 
yellow. 

a.  10R  =  64 

b.  2.5  YR  =  32 

c.  SYR  =16 

d.  7.5  YR  =  8 

e.  10YR  =  4 

f.  2.5Y  =  2 

g.  5Y=1 

7.  pH  of  the  A,  horizon  to  the  nearest  0.1  pH 
unit  (electrometrically  determined). 

8.  Texture  of  the  A,  horizon  specified  by  a 
particle  size  "ratio-of-10"  derived  by  round- 
ing off  the  average  percentage  of  sand 
(2.0  mm-0.05  mm),  silt  (0.05  mm-0.002 
mm),  and  clay  (—0.002  mm)  in  the  12  tex- 
tural  classes  given  in  the  Soil  Survey 
Manual  (1951).  The  sum  of  the  numerals 
equals  10  in  all  classes. 

a.  Sand  =  910 

b.  Loamy  sand  =  811 

c.  Stmdy  clay  loam  =  712 

d.  Sandy  loam  =  541 

e.  Stmdy  clay  =  514 

f.  Loam  =  442 

g.  Clay  loam  =  334 
h.  SUt  =  181 

i.    SUt  loam  =172 
j.    Silty  clay  loam  =163 
k.  Silty  clay  =  154 
1.    Clay  =118 

9.  Percentage  of  coarse  fragments  (+2  mm) 
in  the  Ai  horizon. 


10.  Effervescence  with  HCl  of  the  Ai  horizon. 

a.  Violent  8 

b.  Strong  4 

c.  SUght2 

11.  Thickness  of  the  A2  horizon  (eluviation 
zone)  in  inches. 

12.  Hue  of  the  A2  horizon  (see  item  6). 

13.  pH  of  the  Aj  horizon  (see  item  7). 

14.  Texture  of  the  A2  horizon  (see  item  8). 

15.  Percentage  of  coarse  fragments  in  the  A 2 
horizon. 

16.  Effervescence  with  HCl  of  the  A 2  hori- 
zon (see  item  10). 

17.  Thickness  of  the  B2  horizon  (illuviation 
zone)  in  inches. 

18.  Hue  of  the  B2  horizon  (see  item  6). 

19.  pH  of  the  B2  horizon  (see  item  7). 

20.  Texture  of  the  B2  horizon  (see  item  8). 

21.  Percentage  of  coarse  fragments  in  the 
B2  horizon. 

22.  Effervescence    of    the    B2    horizon    (see 
item  10). 

23.  Hue  of  the  C  horizon  (see  item  6). 

24.  pH  of  the  C  horizon  (see  item  7). 

25.  Texture  of  the  C  horizon  (see  item  8). 

26.  Percentage  of  coarse  fragments  of  the 
C  horizon. 

27.  Effervescence  of  the  C  horizon  (see  item 
10). 

Site 

1.  Slope  aspect  in  degrees  from  true  north. 

2.  Slope  angle  in  percent. 

3.  Elevation  in  feet. 

4.  Position  in  percentage  of  slope  below  the 
nearest  ridge. 

5.  Macrorelief  of  general  area. 

a.  Level  =  0 

b.  Undulating  =  5 

c.  Rolling  =15 

d.  Hilly  =  30 

e.  Steep  =  50 

6.  Microrelief  in  immediate  vicinity  of  plot. 

a.  Concave  =  1 

b.  Flat  =  2 

c.  Convex  =  3 

7.  Percentage  of  ground  covered  by  rocks. 

8.  Percentage  of  ground  covered  by  litter. 

9.  Percentage  of  bare  ground. 


•CFI  =  Cover-frequency  index  =  product  of  percent  cover  and  percent  frequency. 


The  following  procedure  was  used  to  deter- 
mine similarity: 

1.  The  diverse  attribute  data  were  stan- 
dardized (made  additive)  by  setting  the  maximum 
attribute  value  for  each  stand  equal  to  100  and 
scaling  all  other  values  accordingly. 

2.  An  initial  matrix  of  similarity  was  com- 
puted between  all  possible  combinations  of  sample 
stands  using  Sorensen's  (1948)  coefficient  of 
similarity,  K  =  (2c/a+b)  100. 

3.  The  initial  matrix  of  similarity  was  sub- 
jected to  cluster  analysis  by  the  weighted  pair- 
group  method  (Sokal  and  Sneath  1963). 

The  results  of  cluster  analysis  are  presented 
in  a  dendrogram  (fig.  4).  The  horizontal  axis  of 
the  dendrogram  serves  only  to  separate  the  sample 
plots,  and  has  no  scale.  The  vertical  axis  is  scaled 
in  units  of  K  (percentage  similarity). 


The  number  of  groups  of  sample  plots  was 
determined  by  drawing  a  line  across  the  dendro- 
gram parallel  to  the  horizontal  axis  at  a  designated 
level  of  K.  The  number  of  stems  cut  by  this  Une 
indicates  the  number  of  groups  present.  In  this 
paper,  these  units  are  called  "Aspen  Groups" 
(hereinafter  abbreviated  "AG"). 

The  level  of  K  at  which  AG's  are  designated 
depends  primarily  on  the  use  to  which  the  classifi- 
cation is  to  be  put  and  the  ecosystem  under  con- 
sideration (West  1966).  The  selection  of  the  best 
grouping  is  therefore  subjective  (Turner  1974). 
Statistical  tests  to  determine  significant  gaps 
in  continuity  are  not  yet  available,  and  the  usual 
statistical  tests  of  significance  are  not  applicable 
(Sokal  and  Sneath  1963).  Whatever  level  of  K  is 
selected,  it  must  be  applied  uniformly  across  the 
whole  dendrogram;  it  is  not  permissible  to  desig- 
nate one  AG  at  K  =  60  and  another  at  K  =  70 
(Sneath  1962). 
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Figure  4.— Dendrogram  showing  similarity  relationships  of  28  aspen  stands  sampled.  Numbers  along  line  K  =  60  indicate 
Aspen  Groups.  The  more  xeric  groups  are  on  the  left;  mesic  groups  on  the  right. 


Results 

The  dendrogram  depicted  in  figure  4  is  ar- 
ranged so  that  the  more  xeric  groups  are  located 
on  the  left  and  the  mesic  groups  on  the  right.  The 
percent  similarity  level  K  =  60  was  an  arbitrary 
choice,  based  on  the  assumption  that  this  level 
delineated  a  reasonable  number  of  functional 
classification  groups.  A  lower  value  of  K  would 
have  given  fewer  groups,  but  within-group  hetero- 
geneity would  have  been  greater.  Higher  values 
of  K  would  create  more  homogeneous  groups, 
but  would  increase  the  number  of  groups  to  a 
point  where  the  classification  would  be  meaning- 
less, particularly  from  the  resource  management 
standpoint. 


In  the  following  descriptions  of  each  group, 
the  AG's  are  identified  by  the  dominant  over  story 
species  (underUned  data  in  table  2)  followed  by 
the  dominant  shrub,  grass,  and  forb  species 
(table  3).  If  a  CFI  value  did  not  reach  100  (table  3) 
for  any  species  in  any  one  of  the  plant  categories 
in  the  understory  strata,  that  category  was  eUm- 
inated  from  the  group  name.  Constancy,  as  used 
in  these  tables,  is  defined  as  the  occurrence  of 
species  in  equal  samples  over  the  range  of  the 
type.  Like  frequency,  it  is  a  measure  of  ubiquity, 
but  ubiquity  among  a  series  of  stands  rather  than 
among  plots  in  a  single  stand  (Daubenmire  1968). 

A  general  discussion  of  characteristics  com- 
mon to  all  Populus  tremuloides  stands  follows 
descriptions  of  the  AG's. 


Table  2. --Percent  constancy  (Const.)  and  average  density  (AvD)  of  overstory  species  in  the  Aspen  Groups  (AG)  defined  at  K>_60,  with 

number  of  stands  (n);  underlined  data  indicate  dominant  species 


Species 

and 

size  class 


AG-1 
(n=8) 


Const.   AvD 


AG 
(n= 

-2 

2) 

Const. 

AvD 

100 

1939 

100 

ii9 

AG-3 
(n=7) 


AG-'t 
(n=l)' 

AvD 


AG-5 
(n^^) 


Const.   AvD 


AG-6     AG-7 
(n=l)'   (n=l)' 


AG-8 
("=3) 


Const.   AvD 


AG-9 


Populus  tremuloides 

<k    inches  d.b.h.  100  3953 

k-   8  inches  d_Jj.h.  63  93 

8-12  inches  d.b.h.  -  - 

>12  inches  d.b.h.  -  - 

Betula  papyrifera 

<<(  inches  d.b.h.         13     38 
A-  8  inches  d.b.h.  -      - 

PinuB  ponderosa 

<<»  inches  d.b.h.         13      6       50 

Queraus  maovoaarpa 

<h    inches   d.b.h.  13  II 

Piaea  glauoa 

<k    inches   d.b.h.  25  16 

Ostrya  virginiana 

<k    inches  d.b.h.  -      - 

Amelanahier  alni folia 

<k    inches  d.b.h.         13     16 

Copylus  aormita 

<^    inches   d.b.h.  -  - 

Pmnue  virginiana 

<'4  inches  d.b.h.         13     16 

Salix   spp. 

<'l  Inches  d.b.h.  -      - 


100 
100 


'•3 
'13 


57 


57 


11) 


372 
'*59 


118 
75 


37 


62 


697 


332 

12 
87 


100 


100 


819 


25 


55 


218 
610 


131 
392 


1220 


,7j, 

100    't79    305 

~13 — 


73 


67    102 


Constancy  eliminated  from  AG-'t,  AG-6,  AG-7,  and  AG-9  because  each  is  represented  by  a  single  stand. 


kk 


kk 

-        871 
67    115     6 
100    793 
33      5 


Table   3. "-Percent   constancy    (Const.)    and   cover-frequency    index    (CFl)    of   major   understory   species    in    the  Aspen  Groups    (AG)    defined  at 
K>60,    with   number  of   stands    (n) ;    underlined   data    indicate   dominant    species 


Spec  ies 


AG-i 
(n-8) 


Const.      CFl 


AG-2 
(n=2) 


Const.      CFl 


AG-3 
(n=7) 


Const.      CFl 


AG-li 
(n=l)' 

CFl 


AG-5 
(n=it) 


Const.      CFl 


AG-6 
(n=l)' 


AG-7 
(n=l)' 

CFl 


AG-8 
(n=3) 


Const.      CFl 


AG-9 
(n=l)' 


SHRUBS    (<l)    feet) 
Amelanahier  alnifolia 
Arctoetaphylos  uva-urei 
Ceanothua  velutinua 
Cornue  aanadenaie 
Corylue  cornuta 
JuniperuB  oommunie 
Mahonia  repens 
Oatrya  virginiana 
PhysocarpuB  monogymiB 
PopuluB   tremuloides 
PrunuB  virginiana 
Ribas  miasouriense 
Roaa  woodaii 
RubuB  parviflorua 
RubuB  atrigoaus 
Shepherdia  aanadeneia 
Spiraea  lucida 
SymphoricarpoB  albus 
Vaaoinium  acopariua 

GRAM  I  NO  IDS 
Agropyron  aubaeoundum 
Agroatia  exarata 
Bromue  inermia 
BromuB  marginatua 
Carex  ooncinna 
Carex  foena 
DantHonia  intermedia 
Danthonia  apicata 
Elymua  canadenaia 
Elymua  innovatuB 
Oryzopaia  aaperifolia 
Poa  pratenaia 
Sahizaohne  purpuraaaena 
Stipa  Columbiana 

FORBS 
Achillea  millifolium 
Aataea  rubra 
Ago  aerie  glauoa 
Anaphalia  margaritaaea 
Apocynum  androeaemifolium 
Alalia  nudioaulia 
Aater  laevia 
AatragaluB  alpinua 
Aatragalua  tenellua 
Circaea  lutetiana 
Fragaria  oval i a 
Fragaria  vesca 
Galium  boreale 
Galium  triflorum 
Geranium  richardaonii 
Ueracleim  lanatum 
Irie  mieeovtrienaie 
LathyruB  oahroleucua 
Maianthemum  aanadenae 
Monarda  fiatuloaa 
Ogmorhiza  obtuaa 
Pteridium  aquilinum 
Pyrola  aecunda 
Saniaula  marilandica 
Smilacina  atellata 
Solidago  spp. 
Taraxacum  officinale 
Thalictrum  venuloaum 
Tri folium  repena 
Viaia  americana 


88 

8 

50 

\kk 

'.3 

21) 
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50 

32 

781. 

26 

67 

21. 
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75 

30 

- 

'.3 

3 

- 

25 
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10 

- 

- 

- 

- 

25 

55 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

33 

16 

- 

38 

k 

50 

1 

\k 

1(0 

- 

- 

- 

- 

162 

100 

1.617 

- 

25 

1 

- 

- 

\U 

1) 

- 

50 

10 

- 

- 

- 

- 

- 

63 

259 

100 

't72 

100 

132 

- 

50 

1. 

- 

111. 

67 

1.2 

512 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

5632 

13 

1 

- 

- 

\k 

36 

- 

- 

- 

1568 

- 

- 

- 

- 

50 

1 

50 

2 

29 

II4 

- 

50 

5 

1 

1 

100 

7 

8 

50 

k 

50 

2k 

29 

1 

216 

50 

1 

1.91. 

1. 

67 

6 

16 

- 

- 

- 

- 

- 

- 
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- 

- 

11. 

1.0 

33 

1 

28 

88 

81 
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1.6 
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1.8 
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67 

3 

13 

2 

- 

- 

- 
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2 
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57 
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25 
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36 
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88 
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1.31. 

- 

- 

- 

- 

\h 

10 

- 

- 

" 

- 

- 

- 

- 

- 

88 

31 

100 

9 

29 

6 

_ 

50 

9 

. 

350 

67 

3 

. 

13 

3 

- 

- 

- 

- 

- 

50 

3 

3 

- 

33 

1 

- 

- 

- 

- 

- 

- 

- 

1 

25 

3 

8 

6 

33 

1 

3 

13 

1 

50 

1 

57 

8 

- 

50 

12 

- 

- 

67 

21 

- 

50 

1 

50 

6 

\k 

1 

- 

50 

30 

- 

- 

- 

- 

- 

13 

5 

- 

- 

71 

28 

12 

75 

lit 

- 

- 

33 

12 

9 

88 

s*. 

50 

2 

\k 

T 

- 

75 

100 

12 

1 

- 

- 

- 

38 

\U 

- 

- 

- 

- 

- 

25 

3 

- 

- 

- 

- 

- 

13 

2 

50 

1 
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25 
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13 
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27 

792 

75 

It) 

50 

5 
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'constancy  eliminated   from  AG-li,  AG-6,   AG-7,   and  AG-9  because  each   is   represented   by  a   single  stand. 


AGrl:  Populus  tremuloides/Spiraea  lucida/Lathy- 
rus  ochroleucus  (fig.  5). 

This  group,  represented  by  eight  stands,  was 
characterized  by  a  very  high  average  density  of 
small  (less  than  4  inches  d.b.h.)  Populus  tremu- 
loides  per  acre  (^,000).  Mahonia  repens  was  found 
in  many  of  the  represented  stands,  and  had  a  CFI 
almost  equeding  Spiraea  lucida.  Aster  laevis  was 
second  to  Lathyrus  ochroleucus  in  the  forb  cate- 
gory but  did  not  occvu*  in  all  stands.  Grasses  were 
relatively  unimp>ortant  althoxxgh  Danthonia  inter- 
media and  Elymus  innovatus  did  assume  local 
importance.  Average  number  of  species  in  this 
AG  was  32,  with  a  mean  percentage  canopy  cover 
of  126. 

Aspens  in  this  AG  were  young,  with  an  aver- 
age age  of  28  years.  The  fire  history  was  fairly 
well  documented.  Five  of  the  eight  stands  were 
located  on  sites  that  were  burned  31  or  39  years 
ago,  according  to  forest  fire  records  of  the  Black 
Hills  National  Forest.  No  dated  records  were 
available  for  the  remaining  three  stands,  but 
signs  of  forest  fire  were  present  in  two.  There 
was  no  evidence  that  the  remaining  stand,  which 
occupied  the  periphery  of  an  upland  meadow, 
had  ever  been  burned. 

All  stands  in  AG-1  were  found  on  north- 
facing  slopes,  and  varied  in  elevation  from  5,075 
to  6,450  feet.  All  were  located  between  the  19-  and 
24-  inch  isohyets.  These  stands  were  not  confined 
to  any  geographic  pattern  or  type  location,  but 
were  scattered  from  the  central  Bear  Lodge 
Motmtains  southeastward  into  the  central  Black 
Hills. 

Soils  were  derived  from  various  parent  ma- 
terials including  metamorphic  slate  schists,  and 
sedimentary  limestones,  sandstones,  and  sand- 
stone-chert conglomerates.  Soils  were  relatively 
shallow,  averaging  23  inches  (range:  19  to  50 
inches),  and  rocky  throughout.  Profile  develop- 
ment was  variable,  exhibiting  an  A/C/R  sequence 
on  three  recently  burned  stands  and  AJBJCIR 

on  other  stands.  One  of  the  older,  burned  stands 
and  the  unbumed  stand,  with  soil  depths  of  34 
and  50  inches,  respectively,  had  well-developed 
A/A^/B/B^/C/R  profUes. 


Figures.— AG-1: 
Populus  tremuloides/Spiraea  luclda/Lathyrus  ochroleucus. 


AG-2:  Populus  tremuloides  /  Symphoricarpos  al- 
bus/Pteridium  aquilinum  (fig.  6). 

AG-2,  represented  by  only  two  stands,  was 
easily  recognized  by  the  abundance  of  Pteridium 
aquilinum,  which  formed  a  distinct  and  virtually 
solid  layer  in  the  understory.  Populus  tremuloides 
were  small  (less  than  4  inches  d.b.h.),  and  had  only 
half  the  density  of  those  in  the  preceding  AG. 
The  shrubs  Symphoricarpos  albus,  Mahonia 
repens,  and  Rosa  woodsii  were  well  represented 
in  the  understory,  as  was  the  forb  Lathyrus 
ochroleucus.  Grasses  were  relatively  unimportant 
in  this  group.  There  were  27  and  34  species  present 
in  the  two  stands,  resulting  in  total  canopy  covers 
of  145  and  203  percent. 

The  ages  and  fire  history  of  the  stands  in 
this  AG  appear  similar  to  the  preceding  group. 
The  average  age  was  20  years,  and  both  were 
bvuTied  in  the  1930's. 

These  stands  were  located  on  north  and  south- 
eastern exposures  but  with  very  little  slope  (5° 
to  8°).  Again,  stand  locations  were  widely  sepa- 
rated, one  in  the  central  Bear  Lodge  and  the  other 
in  the  north-central  Black  Hills.  Elevations  ranged 
from  5,250  to  5,675  feet;  precipitation  approxi- 
mated 20  and  25  inches,  respectively. 

Soils  of  both  stands  originated  from  Tertiary 
igneous  parent  material,  were  rocky  throughout, 
and  weakly  developed.  The  two  stands  had  A^/C/R 

and  A^/B^/C/R  profile  sequences  and  respective 

depths  of  19  and  27  inches. 


Figure  6.— AG-2: 
Populus  tremuloides  I  Symphoricarpos  albus  I  Pteridium 
aquilinum. 
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Figure  7.— AG-3: 
Populus  tr»mulold99/Mahonla  np^na/Oryzopals  asptrl- 
tolla. 


AG-3:  Populus  tremuloides/Mahonia  repens/Ory- 
zopsis  asperifolia  (fig.  7). 

Seven  stands  were  included  in  this  AG.  The 
vegetative  characteristics  were  not  as  clearly 
delineated  as  in  the  two  preceding  groups.  Popu- 
lus tremuloidcs  was  represented  by  larger  and 
fewer  trees  (4-  to  8-inch  d.b.h.  class,  459  trees  per 
acre).  The  smaller  class  (less  than  4  inches  d.b.h.) 
occurred  with  100  percent  constancy  but  with 
fewer  trees  (372  per  acre).  Conifers  were  invading 
all  stands,  either  Pinus  ponderosa  or  Picea  glauca, 
and  in  one  case  both  species.  Rosa  woodsii  and 
Symphoricarpos  albus,  like  Mahonia  repens,  were 
found  in  all  seven  stands  but  had  much  lower 
CFI  values.  Grasses  were  not  important  in  this 
AG  except  for  the  title  species  Oryzopsis  asperi- 
folia. Forbs,  although  well  represented  in  numbers 
of  species,  had  low  constancy  and  CFI  values. 
Only  Aster  laevis  was  found  in  all  stands.  An 
average  of  33  species  occurred;  mean  total  per- 
cent canopy  cover  was  128. 

Stand  age  of  this  AG  averaged  61  years  and 
ranged  from  48  to  75.  Fire  histories  are  reason- 
ably evident  for  the  sites  within  the  group.  Three 
areas  were  burned  59,  71,  and  77  years  ago.  No 
definite  records  are  available  on  the  other  four 
sites,  but  all  showed  evidence  of  having  been 
burned. 

As  with  the  preceding  AG,  the  stands  in  this 
group  did  not  exhibit  any  geographical,  eleva- 
tional,  or  precipitational  relationships.  They  were 
distributed  from  the  central  Bear  Lodge  Moun- 
tains southeastward  into  the  Black  Hills  just 
west  of  Rapid  City.  Elevations  ranged  from  4,750 
to  6,525  feet.  Two  stands  were  located  between 
the  20-  and  21-inch  isohyets,  one  on  the  23-inch 
isohyet,  and  the  rest  scattered  between. 

Soils  of  stands  in  AG-3  were  derived  from 
limestones  or  the  standstone-shale-limestone  con- 
glomerates of  the  Deadwood  Formation.  All 
exhibited  well-developed  profiles,  typically  A./ 

AJAJBJCIR  and  AJAJBJCIR,  although  one 

stand  did  have  a  weakly  developed  A^/B/C/R. 

Soil  depths  varied  from  19  to  49  inches  and  aver- 
aged 30  inches. 
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AG-4:  Populus   tremuloides/Ribes  missouriense/ 
Oryzopsis  asperifolia  / Aster  laevis  (fig.  8). 

AG-4  was  represented  by  a  single  stand  that 
contained  the  largest  individual  specimens  of 
Populus  tremuloides  found  in  any  of  the  study 
areas.  Trees  in  the  12-  to  16-inch  d.b.h.  class  were 
j)resent  at  a  density  of  174  per  acre.  Populus 
tremuloides  stems  with  less  than  4  inches  d.b.h. 
also  occurred  on  this  site  (700  trees  per  acre). 
There  were  no  intermediate  size  classes  on  the 
sample  transects.  Tall  stems  (over  4  feet  high)  of 
Amelanchier  alnifolia  were  also  present  (332  per 
acre).  Rosa  woodsii  was  an  abundant  understory 
shrub  along  with  Ribes  missouriense.  Stipa  Colum- 
bians almost  equaled  Oryzopsis  asperifolia  in 
dominance,  whereas  Aster  laevis  surpassed  all 
other  forbs  in  importance.  Forty-five  species  were 
recorded  within  this  stand,  with  a  total  canopy 
cover  of  167  percent. 

The  stand  was  located  at  5,800  feet  within 
the  19-inch  isohyet.  There  was  no  record  or  any 
evidence  of  fire  in  this  specific  area,  although  a 
1931  fire  burned  a  large  tract  less  than  V*  mile 
north.  The  age  of  this  stand  (54  years)  indicates 
that  the  area  had  to  have  burned  about  20  years 
previous  to  1931,  if  at  all. 

Soils  were  developed  from  coUuvial  meta- 
morphic  slate  material.  Because  large  boulders 
and  fragmented  rocks  of  varying  sizes  were  com- 
mon under  a  soil  mantle  of  varying  depth  (4  to 
35  inches),  a  soil  profile  was  difficult  to  obtain. 
In  larger  fissures  between  boulders,  soils  appeared 
to  be  well  developed  with  a  horizon  sequence  of 
Aj/A^/B/B^/C/R. 


Figure  8.— AG-4: 
Populus  tremuloides  I  RIbes  missouriense  I  Oryzopsis 
asperifolia  I  kster  laevis. 


•i 
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Figure  9.— AG-5: 
Populus  tremuloides  I  Rosa  woodsii  I  Poa  pratensis  I  Trh 
folium  repens. 


AG-5:  Populus  tremuloides/Rosa  woodsiUPoa  pra- 
tensis/Trifolium  repens  (fig.  9). 

AG-5,  represented  by  four  stands,  contained 
two  size  classes  of  trees,  less  than  4  inches  d.b.h. 
and  4  to  8  inches  d.b.h.,  all  Populus  tremuloides. 
One  stand  also  contained  Pinus  ponderosa  sap- 
lings. This  AG  was  characterized  by  a  dense 
growth  of  the  rhizomatous  grass  Poa  pratensis 
and  the  stoloniferous  forb  Trifolium  repens.  Rosa 
woodsii  was  the  only  shrub  considered  abundant 
throughout  the  AG,  although  Symphoricarpos 
albus  was  also  found  in  all  stands.  Aster  laeuis 
and  Monarda  fistulosa  were  other  forbs  that  had 
a  constancy  of  100  percent,  but  neither  was  as 
prevalent  as  Trifolium  repens.  The  four  stands 
had  an  average  total  canopy  cover  of  140  percent, 
and  contained  a  mean  of  39  plant  species. 

Three  of  the  four  stands  were  located  on 
north-facing  slopes,  but  the  oldest  had  an  eastern 
exposure.  Ages  of  aspen  trees  in  the  stands  varied: 
in  three  stands  the  aspen  were  only  15,  18,  and 
19  years  old.  Two  of  these  had  been  burned  in 
the  same  wildfire  in  September  1931.  The  other 
contained  remnants  of  burned  logs  indicating  an 
unrecorded  fire  sometime  in  the  past.  The  remain- 
ing stand,  where  the  aspen  averaged  79  years 
old,  did  not  show  any  evidence  of  being  burned. 
This  oldest  stand,  the  southernmost  sampled, 
was  found  at  5,125  feet  along  a  streambank 
within  the  19-inch  isohyet.  The  younger  stands 
were  located  in  the  central  and  northern  Black 
Hills,  from  6,400  to  6,850  feet  and  between  the 
21-  and  23-inch  isohyets. 

Soil  depths  averaged  32  inches.  The  oldest 
stand  had  the  deepest  soil  (44  inches),  which  ex- 
hibited a  poorly  developed  Aj/B^^C/R  profile  and 

was  developed  from  limestone  parent  material. 
The  other  three  stands  had  more  strongly  devel- 
oped profiles  and  exhibited  a  distinct  A^  horizon. 

These  were  developed  from  limestone,  Umestone- 
sandstone  conglomerates,  and  quartzitic  schist. 
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AG-6:  Populus  tremuloides/Physocarpus  mono- 
gynous/Poa  pratensis/Smilacina  stellata 
(fig.  10). 

AG-6  was  represented  by  a  single  stand  in  a 
narrow,  V-shaped  draw  on  the  east  side  of  the 
central  Black  Hills,  at  an  elevation  of  4,750  feet 
near  the  20-inch  isohyet.  It  is  related  to  AG-5  in 
that  Poa  pratensis  was  predominant  in  the  her- 
baceous understory,  but  differs  because  Trifolium 
repens  was  absent  and  also  because  Physocarpus 
monogynous,  a  medium-sized  shrub,  formed  a 
distinct  stratum.  The  size  class  distribution  of 
Populus  tremuloides  was  also  reversed,  compared 
with  AG-5.  AG-6  contained  a  much  higher  pro- 
portion of  Quercus  macrocarpa  in  the  overstory 
than  any  other  AG.  Elymus  canadensis  was 
another  important  grass,  and  the  most  numerous 
forb  was  Smilacina  stellata.  Sanicula  marilandica 
and  Lathyrus  ochroleucus  were  also  well  repre- 
sented. The  49  species  found  in  this  stand  con- 
tributed a  total  canopy  cover  of  140  percent. 

The  fire  history  of  the  area  in  which  this  stand 
was  located  is  somewhat  obscure.  Records  indi- 
cate the  locale  was  burned  in  the  early  1890's. 
Evidence  of  a  past  fire  was  found  within  the 
studied  stand,  but  we  could  not  determine  whether 
it  was  left  by  the  recorded  burn  or  a  later,  unre- 
corded fire.  The  oldest  trees  in  the  stand  were 
only  27  years. 

The  soil  had  an  AJBJCIR  horizon  sequence 

and  was  only  17  inches  deep.  Parent  materials 
were  colluvial  slate-schists  which  occurred  "on 
edge"  and  as  large  plates  scattered  throughout 
the  profile. 


Figure  10.— AG-6: 
Populus  tremuloides  I  Physocarpus  mortogynous  I  Poa 
pratensis  /  Smilacina  stellata. 
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AG-7:  Populus  tremuloides/Rubus  parviflorus/ 
Agropyron  sub  secundum/ Aralia  nudicaulis 
(fig.  11). 

AG-7  was  represented  by  a  single  stand 
located  at  5,600  feet  in  the  northwestern  part  of 
the  Black  Hills.  All  Populus  tremuloides  were  in 
the  4-  to  8-inch  d.b.h.  class;  no  saplings  and  only 
very  few  sprouts  were  noted.  The  understory  was 
characterized  by  an  abundance  of  the  shrub  Rubus 
parviflorus.  Grasses  again  were  relatively  unim- 
portant, and  were  represented  primarily  by  one 
species — Agropyron  subsecundum.  Forbs  were 
abundant;  the  most  important  species,  Aralia 
nudicaulis,  was  followed  closely  by  Lathyrus 
ochroleucus.  Forty-five  species  were  found  in  this 
stand,  which  had  a  total  percent  canopy  cover 
of  152. 

Although  fire  records  indicate  this  area  was 
extensively  burned  in  1890,  the  oldest  Populus 
tremuloides  present  were  only  29  years.  No  evi- 
dence of  fires  that  might  have  been  more  recent 
was  found. 

Soil  was  derived  in  place  from  Umestone 
parent  materials,  and  exhibited  a  profile  sequence 
ofAj/B,^/C/R. 


Figure  11. —AG-7: 
Populus  tremuloides  I  Rubus  parviflorus  I  Agropyron  sub- 
secundum /  Aralia  nudicaulis. 
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AG-8:  Populus  tremuloides/Corylus  cornuta/Ara- 
lia  nudicaulis  (fig.  12). 

Three  stands  were  classified  in  AG-8.  Two 
were  located  in  the  northern  Black  Hills  at  5,750 
and  6,000  feet  and  the  other,  2  miles  northwest 
of  Harney  Peak  in  Palmer  Gulch  at  5,400  feet. 
This  AG  was  characterized  by  a  distinct  shrub 
understory  of  Corylus  comutcu  Other  shrubs  and 
graminoids  were  scarce,  although  Spiraea  lucida, 
Symphoricarpos  alba,  and  Oryzopsis  asperfolia 
occurred  in  all  three  stands.  Only  two  forbs  were 
important;  Aralia  nudicaulis  had  the  highest  CFI, 
followed  by  Maianthemum  canadense.  The  three 
stands  contained  an  average  of  only  35  species, 
but  had  a  mean  total  canopy  cover  of  177  percent. 

The  aspen  in  these  three  stands  were  among 
the  oldest  sampled:  77,  78,  and  98  years.  All 
stands  had  evidences  of  past  fires,  and  two  were 
located  in  areas  that  were  recorded  as  having 
burned  before  the  turn  of  the  century,  about  80 
and  over  90  years  ago.  Populus  tremuloides  was 
present  in  two  size  classes:  4  to  8  inches  and  8  to 
12  inches  d.b.h.,  479  and  73  trees  per  acre,  respec- 
tively. No  saplings  (less  than  4  inches  d.b.h.)  were 
noted,  and  only  a  very  few  sprouts  were  found. 
The  two  coniferous  species  considered  cHmax  on 
forest  sites,  Pinus  ponderosa  and  Picea  glauca, 
were  not  present.  The  fire  evidences,  however, 
were  scorched  pitch  stumps,  presumably  of  Pinus 
ponderosa. 

Soils  in  the  AG  were  derived  from  quartzitic 
schists  and  Tertiary  igneous  parent  material. 
Soils  were  well  developed  with  a  distinct  A2,  al- 
though a  transitional  AC  horizon  appeared  in 
two  stands  as  compared  to  a  B1/B2  sequence  in 
the  other.  Soils  information  was  difficult  to  obtain 
in  all  stands  in  this  AG  because  of  water  seeping 
into  pits. 


Figure  12.— AG-8: 

Populus  tremuloides/Corylus  cornuta / Aralia  nudicaulis. 
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Figure  1 3.— AG-9: 
Populus  tnmulold«s  I  Ostrya  virglniana  I  Oryzopsis  asperi- 
tolla/Aralla  nudlcaulls. 


AG-9:  Populus  tremuloides  /  Ostrya  virginiana  / 
Oryzopsis  asperi  folia  /  Aralia  nudicaulis 
(fig.  13). 

This  most  mesic  AG  was  represented  by  one 
stand  located  in  the  northeastern  Black  Hills  at 
an  elevation  of  4,550  feet.  The  stand,  positioned 
on  the  lower  slopes  and  bottom  of  a  deep  draw, 
was  one  of  two  that  had  a  southern  exposure. 
Populus  tremuloides,  although  not  the  most 
numerous  tree  in  the  stand,  did  maintain  dom- 
inance because  of  its  multilayered  canopy.  Over 
300  trees  per  acre  in  the  4-  to  8-inch  d.b.h.  class 
were  present,  along  with  174  in  the  smaller  class 
(less  than  4  inches  d.b.h.).  Ostrya  virginiana  was 
the  predominant  subordinate  tree,  with  871  trees 
per  acre,  all  in  the  smaller  class  (less  than  4  inches 
d.b.h.).  O.  virginiana  was  also  the  predominant 
species  in  the  shrub  class,  as  it  formed  a  variable 
layer  throughout  the  stand.  Mahonia  repens  and 
Symphoricarpos  alb  us  were  the  most  abundant 
shrubs  in  the  lowest  layer.  Graminoids,  with  the 
notable  exception  of  Oryzopsis  asperifolia,  were 
almost  absent  from  the  AG.  Actaea  rubra  was 
the  predominant  forb,  and  Aster  laevis  and 
Smilacina  stellata  were  well  represented.  The 
47  species  found  in  this  stand  contributed  a  total 
percent  canopy  cover  of  164. 

There  were  very  scant  evidences  of  a  past 
fire  in  a  Pinus  ponderosa  type  on  the  more  xeric 
slopes  and  ridges  around  the  study  site,  but  none 
could  be  found  within  the  stand.  The  oldest  Popu- 
lus tremuloides  were  over  70  years,  and  presum- 
ably any  indications  of  past  fires  could  have  been 
obscured  or  eliminated  by  the  moist  conditions 
within  the  stand. 

Soils  were  40  inches  deep,  well  developed,  and 
were  derived  from  Umestone  parent  material.  The 
profile  exhibited  an  A.^lhJA.J'BJCI'R  sequence. 
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Discussion 


Site  Characteristics 

Aspen  stands  in  the  Black  Hills  and  Bear 
Lodge  Mountains  were  found  at  elevations  rang- 
ing from  about  4.000  to  7,000  feet.  Sampled 
stands  varied  from  4,550  to  6,850  feet.  These 
stands  did  not  exhibit  the  elevation-exposure 
relationships  found  in  aspen  stands  in  the  Rocky 
Mountains.  Reed  (1971),  working  in  the  Wind 
River  Mountains,  Wyoming,  found  that  the  asjien 
type  extended  to  the  lowest  elevations  (7,500  to 
8,200  feet)  on  northern  exposures  where  condi- 
tions were  more  moist  and  cooler.  At  middle 
elevations  (8,200  to  8,900  feet)  aspen  occurred  in 
relatively  similar  proportions  on  all  slopes.  About 
95  percent  of  the  aspen  stands  at  higher  eleva- 
tions (8,900  to  10,000  feet)  were  located  on  east-, 
west-,  or  south-facing  slopes.  Severson  (1964) 
studied  aspen  in  south-central  Wyoming  and 
noted  a  similar  pattern.  The  aspen  type  in  the 
Black  Hills  and  Bear  Lodge  Mountains,  however, 
was  restricted  almost  entirely  to  slopes  with 
northern  exposures.  Only  2  of  the  28  stands 
sampled  had  southern  exposures  (between  90°  and 
270°).  One,  facing  due  south,  was  the  most  mesic 
because  of  its  topographic  location  in  the  bot- 
tom of  a  deep,  steep-sided,  narrow  draw  (AG-9). 
The  other  (AG-2),  with  a  southeastern  exposure 
(135°),  was  a  relatively  xeric  stand  located  at 
5,670  feet.  All  other  study  areas  had  northerly 
exposures  varying  from  310°  to  70°. 

Although  the  dendrogram  (see  fig.  4)  describes 
a  xeric  to  mesic  transition  of  aspen  stands,  it 
must  be  remembered  that  this  trend  is  relative 
within  the  type.  All  of  the  aspen  stands  existed 
because  of  favorable  moisture  conditions.  These 
included— besides  the  northern  exposure— concave 
slopes,  wet  subirrigated  areas  (particularly  at 
limestone-metamorphic  schist  interfaces),  snow- 
pack  areas,  and  deep,  steep-sided  draws  that, 
regardless  of  exposure,  permitted  so  little  direct 
sunlight  the  effect  was  similar  to  a  northern  ex- 
posure. When  comparing  site  characteristics  of 
Black  Hills  aspen  with  those  of  the  Rocky  Moun- 
tain areas,  only  aspen  sites  found  at  lower  eleva- 
tions are  comparable  (for  example,  northern  ex- 
posures). The  Black  Hills  and  Bear  Lodge  Moun- 
tains are  not  high  enough  to  permit  development 
of  aspen  stands  on  other  exposures  as  occurs  at 
middle  and  higher  elevations  in  the  Rocky  Moun- 
tains. 

Site  locations  indicate  that  aspen  in  the  Black 
Hills  and  Bear  Lodge  Mountains  is  on  the  edge 
of  its  normal  range.  Beetle  (1961)  has  suggested 
that  such  peripheral  stands  can  be  recognized 


by  their  confinement  to  mesic  situations,  short- 
lived communities,  unstable  margins,  and  because 
they  are  often  dwarf  communities  compared  to 
development  elsewhere. 


Soils 

Although  a  general  description  of  soil  char- 
acteristics was  given  for  each  Aspen  Group,  it 
should  be  noted  that  soils  are  poorly  correlated 
with  vegetation  in  aspen  stands.  This  indicates 
that  the  history  of  disturbance,  including  serai 
age,  may  be  more  important  than  soils  in  deter- 
mining plant  composition.  A  similar  lack  of  cor- 
relation between  vegetation  and  soil  profile  de- 
scriptions has  been  found  in  Washington  and 
northern  Idaho  (Daubenmire  and  Daubenmire 
1968,  Daubenmire  1970)  and  in  northern  Minne- 
sota.^ 

Soils  under  aspen  stands  in  the  Black  Hills 
and  Bear  Lodge  Mountains  can  be  discussed 
more  appropriately  by  dividing  them  into  three 
basic  groups  based  on  development  of  horizons. 
These  soil  groups  do  not  correspond  to  the  Aspen 
Groups  previously  described,  and  will  be  identified 
as  LH,  and  in. 

The  only  feature  consistent  through  all  groups 
was  the  presence  of  an  A  ^  horizon  with  a  granular 
structure,  which  occurred  in  all  28  profiles  exam- 
ined and  varied  in  depth  from  1  to  8  inches.  Radeke 
and  Weston  (1963),  in  their  description  of  the 
wooded  soils  of  the  Black  Hills,  included  a  group 
with  a  weU-developed  mineral-organic  A ,  horizon. 
They  further  noted  that  this  group  character- 
istically occurred  at  higher  elevations  and  on 
sites  that  were  relatively  cooler  and  more  moist, 
which,  as  previously  discussed,  were  site  descrip- 
tions typical  of  where  aspens  were  found.  Reed 
(1971)  also  noted  an  A  j  in  all  Populus  tremuloides- 
Symphoricarpos  oreophilis  stands  studied  in  the 
Wind  River  Mountains,  Wyoming. 

Soil  group  I,  the  largest  of  the  three,  was 
found  in  15  stands  and  had  a  well-developed  A^ 
which,  characteristically,  was  lighter  in  color  than 
the  overlying  thin  Aj  (2  inches  deep)  or  underlying 
B  horizons.  The  A^  varied  in  depth  from  2.5  to 
17  inches  and  averaged  5.8  inches.  B  horizons 
were  variable;  some  were  only  identified  as  B 
(seven  stands),  but  a  definite  B^^  was  noted  in 
some  and  a  Bj/B2  sequence  identified  others.  The 
C  horizons  in  this  group  varied  from  5  to  16  inches 
in  depth  and  averaged  only  10  inches,  the  shal- 


Personal  communication  from  L.   F.   Ohmann,   North 
Cent.  For.  Exp.  Stn.,  USDA  For.  Serv.,  St.  Paul,  Minn. 
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lowest  C  horizon  of  the  three  groups.  Overall, 
however,  these  soils  were  the  deepest,  averaging 
31  inches  and  ranging  from  18  to  49  inches. 

The  second  group  (II),  with  eight  stands 
represented,  had  a  slightly  thicker  Aj  (3  inches), 
but  no  A2.  Four  stands  had  a  recognizable  B^^  but 
the  other  four  contained  mineral  horizons  that 
could  only  be  identified  as  B.  The  C  horizons 
were  sUghtly  thicker  than  in  the  preceding  group, 
averaging  12  inches.  Soil  depths  were  sUghtly 
shallower  than  the  preceding  group,  with  a  mean 
of  29  inches. 

The  third  group  (III)  had  a  thick  Aj  (5  inches) 
but  no  A2  or  B  horizons.  The  C  horizon  was  quite 
thick  (17  inches).  This  group  had  the  shallowest 
soils,  with  an  average  depth  of  23  inches. 

Groups  I  and  11  had  soil  textures  ranging 
from  granular  loams  to  silty  loams  to  clay  loams 
in  the  surface  horizons  (A,/A2  or  just  the  A,)  which 
graded  into  heavy-textured  angular  blocky  clays 
in  the  C  horizons,  a  natural  feature  of  well-devel- 
oped soils.  Group  III,  however,  contained  granu- 
lar silty  clays  or  granular  clays  in  both  the  A^  and 
C  horizons.  No  change  in  structure  or  texture  was 
observed  between  horizons. 

Textures  of  Black  Hills  aspen  soils  were 
somewhat  finer  than  aspen  soils  in  other  areas. 
Severson  (1964)  noted  that  soils  under  aspen  in 
Wyoming  were  predominantly  sandy  loams, 
loams,  or  silty  loams.  Hoff  (1957),  in  Colorado, 
found  that  aspen  soils  were  ".  .  .invariably  sandy 
loams."  Other  studies  in  Colorado  and  northern 
New  Mexico  likewise  found  sandy  loam  A  horizons 
in  a  large  majority  of  aspen  stands,  but  also 
found  loamy  sand,  loam,  and  even  clay  loam  A 
horizons.^ 

Organic  horizons  were  similar  in  all  three 
groups.  The  undecomposed  organic  matter  (O,) 
was  0.6,  0.9,  and  0.8  inch  deep  for  groups  I,  II, 
and  III,  respectively,  and  the  decomposed  or- 
ganic matter  (Og)  was  1.1,  1.0,  and  0.9  inches 
deep.  These  are  somewhat  deeper  than  the  0.4- 
to  1.2-inch  total  organic  matter  depths  reported 
by  Reed  (1971)  in  the  Wind  River  Mountains  of 
Wyoming. 

Soil  pH  varied  only  slightly  between  hori- 
zons and  between  groups.  Black  Hills  aspen  soils 
were  sUghtly  acidic,  with  a  mean  pH  of  6.3  ±0.1 
over  all  horizons  in  all  groups.  One  stand  had  pH 
values  of  4.5,  5.0,  5.0,  and  4.9  in  the  Aj,  A^,  B, 
and  C  horizons,  respectively.  This  stand  was 
located  adjacent  to  a  drainage  which  contained 

^Personal  communication  from  John  R.  Jones,  Rocl(y 
Ml  For.  and  Range  Exp.  Stn.,  USDA  For.  Serv.,  Flagstaff. 
Ariz. 


extensive  deposits  of  bog  iron,  which  are  char- 
acteristically very  acidic.  There  was  a  tendency 
toward  higher  pH  levels  in  the  lower  horizons 
in  group  I.  Here,  the  mean  pH  of  the  Aj  was  6.1 
as  compared  to  6.6  in  the  C.  The  same  tendency 
was  noted  in  groups  II  and  III,  but  to  a  lesser 
degree.  The  pH  of  group  II  soils  increased  from 
6.2  to  6.4,  whereas  the  A,  and  C  horizons  in  group 
III  had  pH's  of  5.9  and  6.1.  The  pH  of  the  organic- 
mineral  A  J  in  all  groups  was  6.1  ±  0.2.  Severson 
(1964)  reported  the  pH  in  the  top  4  inches  of 
mineral  soil  under  aspen  to  be  6.2  ±  0.1  in  south- 
central  Wyoming,  and  Reed  (1971),  working  in 
the  Wind  River  Mountains  of  the  same  State, 
found  soil  pH  to  range  from  5.9  to  7.5  with  a  mean 
of  6.4  ±  0.2.  Higher  pH  values,  6.6  to  7.4,  were 
reported  by  Hoff  (1957)  from  the  Rocky  Moun- 
tains of  Colorado. 

The  pH  values  of  the  C  horizon  in  soils  de- 
rived from  Umestone  parent  materials  were  ex- 
pectedly  higher  (6.8)  than  those  derived  from 
slate-schists  (6.4)  or  igneous  phonohte  (5.4).  The 
stand  located  on  bog  iron  deposits  was  not  used 
in  determining  the  average  for  slate  schist  soils. 


Flora 

The  flora  of  the  Black  Hills  and  Bear  Lodge 
Mountains  is  unique  in  that  it  contains  species 
from  the  Rocky  Mountain  Region,  the  Northern 
Boreal  Forest,  the  Northern  Great  Plains,  and 
the  Eastern  Deciduous  Forest  (Buttrick  1914, 
Stephens  1973).  The  diversity  of  species  within 
aspen  stands  reflects  these  origins.  Rocky  Moun- 
tain elements  are  represented  by  Pinus  ponderosa, 
Mahonia  repens,  Rosa  woodsii,  and  Spiraea  lucida. 
Betula  papyrifera  and  Picea  glauca  are  repre- 
sentative of  the  Northern  Boreal  Forest,  whereas 
Quercus  macrocarpa,  Ostrya  virginiana,  and.  Aster 
laeuis  are  more  characteristic  of  the  Eastern 
Deciduous  Forest.  Species  from  the  drier  Northern 
Great  Plains  were  not  present  in  aspen  habitats, 
presumably  because  of  the  mesic  nature  of  these 
stands. 

Other  species  in  aspen  stands  of  the  Black 
Hills  and  Bear  Lodge  Mountains  are  found  in  all 
forest  types,  including  woody  draws  in  the  prai- 
ries, across  the  temperate  zone  in  North  America. 
Examples  of  this  group  include  Populus  tremu- 
loides,  Prunus  virginianus,  Symphoricarpos  albus, 
Oryzopsis  asperifolia,  Poa  pratensis,  and  Lathyrus 
ochroleucus. 

No  one  species  growing  in  aspen  understories 
was  found  in  all  28  stands,  although  Aster  laevis 
and  Lathyrus  ochroleucus  occurred  in  27.  Ory- 
zopsis asperifolia,  Rosa  woodsii,  Vicia  americana, 
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Galium  boreale,  Spiraea  lucida,  and  Symphori- 
carpos  albus  also  occurred  in  more  than  20  stands. 

Marr  (1967)  and  Hoff  (1957)  described  Arcto- 
staphylos  uva-ursi  and  Juniperus  communis  as 
being  common,  vigorous  plants  in  many  aspen 
stands  in  the  central  Rocky  Mountains  (Colorado). 
Neither  species,  however,  was  found  consistently 
in  the  Black  Hills-Bear  Lodge  aspen.  Arctostaphy- 
los  uva-ursi  was  found  only  in  those  aspen  stands 
that  contained  some  Pinus  ponderosa,  and  Juni- 
perus communis  was  found  in  five,  but  in  sig- 
nificant amounts  only  in  those  stands  on  higher 
limestone  plateaus.  Both  species  are  very  com- 
mon, however,  in  the  Pinus  ponderosa  under- 
stories  of  the  Black  Hills  (Thilenius  1972). 

A  total  of  132  species  of  plants  occurred  on 
the  transects  within  the  28  aspen  stands  studied. 
Included  were  6  trees,  28  shrubs,  25  grasses  or 
grassHke  species,  and  73  forbs.  Forbs  were  the 
most  numerous  understory  Ufe  form  in  all  stands. 
Species  of  graminoids  present  exceeded  shrubs 
in  only  six  stands. 

Canopy  cover  exceeded  100  percent  in  all 
but  five  stands.  Average  percent  cover  was  141. 
Reed  (1971)  found  that  the  canopy  cover  exceeded 
100  percent  in  17  of  19  stands,  and  averaged  186 
percent  in  the  Wind  River  Mountains,  Wyoming. 


Vegetation  Dynamics 

In  the  eastern  parts  of  its  range,  the  succes- 
sional  status  of  quaking  aspen  has  been  reason- 
ably well  established:  it  is  a  serai  stage  that  will 
be  replaced  by  shade-tolerant  northern  hardwoods 
or  Abies  balsamea  on  most  sites  (Heinselman 
1954,  Curtis  1959).  In  the  West,  however,  because 
of  fewer  species  and  more  distinct  forest  types, 
aspen  stands  can  appear  to  be  permanent.  The 
successional  status  of  aspen  in  the  West  has  pro- 
vided spirited  debate  among  ecologists  since  early 
papers  by  Featherolf  (1917)  and  Baker  (1918, 
1925). 

The  question  still  remains  unresolved,  but 
several  more  recent  studies  of  aspen  have  recog- 
nized the  existence  of  some  kinds  of  aspen  stands 
that  are  apparently  stable  and  should,  therefore, 
be  considered  chmax.  Reed  (1971),  for  example, 
found  that  the  Populus  tremuloides-Symphori- 
carpos  oreophilus  association  was  stable  (climax) 
in  the  Wind  River  Mountains,  Wyoming.  His 
conclusion  was  based  on  lack  of  conifer  replace- 
ment and  the  fact  that  aspen  was  apparently 
reproducing  and  therefore  replacing  itself.  Wirsing 
(1973)  also  described  a  Populus  tremuloides-Carex 
geyeri  habitat  type  as  being  a  climax  association 
in  the  Medicine  Bow  Mountains  of  Wyoming. 


Morgan  (1969)  stated  that,  from  a  management 
standpoint,  aspen  should  be  considered  climax 
in  Utah  and  western  Colorado,  but  because  aspen 
stands  were  less  extensive  in  Gunnison  County 
than  in  more  western  areas,  conifers  are  repro- 
ducing and  will  replace  most  of  the  aspen.  Other 
investigators  have  concluded  or  assumed  that 
aspen  is  generally  a  serai  stage  that  will  even- 
tually be  replaced  by  conifers  (Baker  1925, 
Costing  1956,  Hoff  1957). 

Generalized  statements  concerning  the  serai 
position  of  aspen  stands  throughout  the  West 
cannot  be  made  with  confidence.  Rate  of  succes- 
sion varies  not  only  between  geographic  areas, 
but  also  on  different  aspen  sites  within  a  physio- 
graphic province  (Bartos  1973). 

Differences  in  successional  status  of  aspen 
stands  in  the  Black  Hills  and  Bear  Lodge  Moun- 
tains can  most  easily  be  described  by  looking  at 
the  individual  Aspen  Groups.  AG's  3  and  4  con- 
tained middle-aged  stands  characterized  by  large 
aspen  trees  (see  table  2).  Neither  AG  had  an  ap- 
preciable number  of  seedlings  (root  suckers)  in 
the  understory,  but  both  had  a  sapling  component. 
AG-4  was  missing  two  intermediate  tree  size 
classes  of  aspen,  which  indicated  a  disturbance 
that  initiated  root  suckering  without  completely 
destroying  the  existing  aspen  overstory.  All 
stands  within  the  AG's  contained  seedlings  or 
saplings  of  Pinus  ponderosa  or  Picea  glauca. 
These  AG's  were  apparently  composed  of  serai 
aspen  stands  that  will  eventually  revert  to  Pinus 
ponderosa  or  Picea  glauca  communities. 

AG-6  was  similar  to  those  described  above 
except  that  the  stand  was  younger  and  contained 
significant  numbers  of  Quercus  macrocarpa.  Pinus 
ponderosa  seedlings  and  saplings  were  present  in 
greater  densities  than  in  any  other  AG.  This  AG 
was  also  a  serai  stage  th^t  will  eventually  be  dom- 
inated by  Pinus  ponderosa,  with  a  probable  Quer- 
cus macrocarpa  stratum  simileir  to  either  Habitat 
Unit  6  or  7  as  described  by  Thilenius  (1972). 

Two  AG's,  8  and  9,  contained  aspen  that,  by 
Black  Hills  standards,  were  very  old.  Stands 
within  these  groups  all  contained  moderate  num- 
bers of  aspen  in  the  4-  to  8-inch  d.b.h.  class.  Two 
had  larger  specimens,  whereas  the  only  stand 
represented  in  AG-9  contained  a  few  saplings. 
All  had  a  few  root  suckers  in  the  understory  (see 
table  3).  All  stands  were  characterized  by  having 
a  distinct,  heavy  shrub  stratum  composed  of 
Corylus  cornuta  or  Ostrya  virginiana.  No  conifer 
reproduction  was  present.  Two  factors,  the  rela- 
tive old  age  of  the  stands  and  the  complete  lack 
of  conifer  reproduction,  indicated  comparatively  I 
stable  stands.  Admittedly,  aspen  did  not  appear 
to  be  replacing  itself  as  vigorously  as  might  be 


20 


expected  if  it  were  a  true  climax  community  as 
noted  by  Reed  (1971).  However,  some  reproduc- 
tion was  present  although  certain  size  classes 
were  missing.  Missing  size  classes  were  also  char- 
acteristic of  some  climax  stands  described  by 
Reed  (1971). 

Limited  aspen  reproduction  in  stands  with  a 
heavy  brush  understory  may  result  in  a  very 
gradual  deterioration,  leading  to  a  limited  stand 
of  aspen  with  a  greatly  increased  brush  com- 
ponent which  Heinselman  (1954)  and  Hansen 
and  KvuTnis  (1972)  noted  in  some  aspen  stands 
in  Miimesota.  Bartos  (1973)  also  suggested  that 
at  some  point  ". .  .relatively  stable  stands  would 
start  to  deteriorate  imtil  some  perturbation  caused 
the  aspen  community  to  revert  to  an  earlier  stage." 
Although  there  may  be  some  disagreement  as  to 
what  relative  stability  means  in  terms  of  climax, 
we  tend  to  agree  with  Morgan  (1969),  in  that  such 
stability  does  indicate  climax  from  a  resource 
manager's  point  of  view. 

AG-7,  represented  by  one  young  stand,  had  a 
fairly  dense  aspen  overstory  of  trees  in  the  4-  to 
8-inch  size  class.  Aspen  and  conifer  reproduction 
were  virtually  nonexistent.  The  actual  serai  status 
cannot  be  determined  at  this  time  but,  con- 
ceivably, the  existing  overstory  could  remain 
relatively  dormant  with  individual  stems  gradu- 
ally djdng  out  while  the  Corylus  comuta,  now 
present  in  the  understory  (see  table  3),  becomes 
abimdant  and  vigorous.  If  such  a  pattern  emerged, 
this  stand  would  develop  as  those  previously 
described. 

Aspen  Groups  1  and  2  contained  dense  stands 
of  small  aspen  with  few  larger  trees.  All  stands 
were  relatively  young,  and  30  percent  were  being 
invaded  by  either  Pinus  ponderosa  or  Picea  glauca. 
Again,  because  of  the  age  of  stands,  successional 
status  cannot  be  determined.  As  suggested  by 
Bartos  (1973),  it  is  conceivable  that,  initially,  both 
serai  and  stable  aspen  stands  would  react  simi- 
larly. However,  those  with  conifers  could  be  ex- 
pected to  develop  as  true  serai  stages  as  described 
for  AG's  3  and  4.  Other  stands,  particularly  those 
which  contain  Corylus  comuta,  could  develop 
into  stable  stands  exemplified  by  AG's  8  and  9. 

AG-5,  which  included  three  young  stands  and 
one  old  stand,  was  characterized  by  a  moderately 
dense  aspen  overstory  with  an  understory  dom- 
inated by  Poa  pratensis.  One  of  the  younger 
stands  contained  a  few  Pinus  ponderosa  seedlings. 
All  of  the  stands  in  AG-5,  because  of  the  nature 
of  their  understories  and  proximity  to  free  water, 
were  heavily  grazed  by  cattle.  The  combination  of 
heavy  grazing  and  Poa  pratensis  sod  could  sup- 
press both  conifer  reproduction  and  aspen  sucker- 
ing.  Ellison  and  Houston  (1958)  noted  that  the 
spread  of  aspen  into  openings  was  often  "held  in 


check"  by  browsing  of  new  shoots.  It  has  been 
suggested  that  the  moist  Poa  pratensis  meadows 
described  by  Pase  and  ThQenius  (1968)  eire  actually 
aspen  sites  that,  under  protection  from  heavy 
grazing,  would  support  healthy  aspen  stands.^ 
Overgrazing,  if  continued  until  the  existing  aspen 
trees  died,  could  result  in  a  grassland  type  domi- 
nated by  Poa  pratensis.  If  grazing  were  restricted 
in  this  AG  now,  conifers  would  probably  invade 
the  stand  (as  suggested  by  the  presence  of  conifer 
seedlings  in  one  stand)  or  aspen  root  suckering 
would  perpetuate  the  stand. 

There  is  ample  evidence  in  the  literature  that 
aspen  invades  or  is  established  on  favorable  sites 
after  fire  (Hoff  1957,  Severson  1964,  Morgan  1969, 
Patton  and  Avant  1970,  Gruell  and  Loope  1974). 
Of  the  28  stands  sampled  in  the  Black  Hills  and 
Bear  Lodge  Mountains,  21  contained  some  evi- 
dence of  past  fires.  Many  of  these  burned  sites  had 
apparently  been  previously  occupied  by  Pinus 
ponderosa. 

Morgan  (1969)  concluded  that  scarcity  of 
seed  source  plus  lack  of  a  base  mineral  soil  ac- 
counted for  the  lack  of  coniferous  reproduction 
within  aspen  stands.  Jones  (1974),  however, 
noted  that  in  Colorado,  many  aspen  stands 
showed  no  significant  coniferous  invasion  even 
with  a  seed  source  nearby.  In  the  Black  Hills  and 
Bear  Lodge  Mountains,  Pinus  ponderosa  is  a 
dependable  seed  producer  (Boldt  and  Van  Deusen 
1974)  and  natural  reproduction  is  abundant. 
Even  in  extensive  aspen  stands  there  were  many 
remnants  of  Pinus  ponderosa  that  produced  seed. 

Conifer  invasion  appears  to  be  related  to  the 
density  of  the  understory,  if  factors  such  as  the 
age  of  the  aspen  stand  and  time  since  the  last 
fire  are  considered.  Conifer  reproduction  was 
virtually  absent  in  stands  with  a  Poa  pratensis 
sod,  and  in  those  with  a  dense  understory  of 
vigorous,  taller  shrubs  such  as  Corylus  cornuta 
and  Ostrya  uirginiana.  Therefore,  although  Pinus 
ponderosa  may  have  dominated  a  site  before  fire, 
subsequent  conifer  reinvasion  depended  on  site 
characteristics,  intensity  of  the  burn,  and  chance 
factors  that  determined  which  species  became 
established  on  the  site.  If  such  conditions  allowed 
the  development  of  a  competitive  aspen- tall 
shrub  type,  conifer  reproduction  could  be  excluded 
indefinitely.  Although  this  phenomenon  might 
be  considered  disclimax  by  some,  the  fact  that 
the  type  exists  long  after  the  disturbing  factor 
has  been  removed  indicates  that  fire  climax  might 
be  a  more  appropriate  term.  The  AG  with  a  Poa 
pratensis  understory  could,  however,  be  con- 
sidered a  disclimax,  because,  although  the  type 

^Personal  communication  from  G.    W.   Gullion,   Univ. 
Minn.,  Cloquet  For.  Center,  Cloquet,  Minn. 
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originated  due  to  fire,  it  is  being  held  (or  possibly 
further  repressed)  in  such  a  state  by  grazing.  If 
this  disturbance  were  removed,  succession  would 
proceed  toward  a  fire  cUmax  dominated  by  aspen 
or  a  true  climatic  climax  dominated  by  Pinus 
ponderosa  (Daubenmire  1968). 


heavy  Corylus  comuta  understory  could  best 
serve  the  habitat  needs  of  ruffed  grouse.  Man- 
agement would  still  be  necessary  in  such  stands, 
however,  to  create  the  variety  of  aspen  age  and 
density  classes  necessary  for  optimum  grouse 
habitat  (Gullion  and  Svoboda  1972). 


Applications  of  the  Classification 

Thilenius  (1972)  thoroughly  discussed  the 
vaUdity  of  a  classification  system  developed  by 
cluster  analysis  of  a  similarity  matrix  for  Pinus 
ponderosa  communities.  This  discussion  is  equally 
appropriate  to  aspen  classification. 

Such  a  classification  has  limitations,  of  course, 
which  should  be  overcome  as  our  knowledge  of 
the  subject  increases.  One  Umitation  evident  in 
this  study  is  the  weakness  of  AG's  represented 
by  a  single  stand.  It  should  be  pointed  out,  how- 
ever, that  so  long  as  study  stands  are  selected  in 
a  random  manner,  single-stand  AG's  will  most 
likely  occur,  regardless  of  the  number  of  stands 
sampled.  The  only  way  to  overcome  this  would 
be  to  select  stands  for  analysis  that  would  prob- 
ably fit  into  a  particular  AG.  This  would  inflate 
the  frequency  of  occurrence  in  the  least  important 
AG's.  The  AG's  we  will  be  selecting  for  intensive 
analysis  will  be  the  most  important  ones— those 
with  the  greatest  number  of  stands.  Also,  the 
stand  AG's  defined  here  are  distinctly  different 
from  the  others.  We  therefore  beheve  the  classi- 
fication scheme  used  adequately  serves  the  in- 
tended purpose— to  separate  relatively  homoge- 
neous aspen  groups  from  the  larger  heterogeneous 
aspen  complex.  Areas  for  further  intensive  analy- 
sis can  be  selected  from  these  relatively  homoge- 
neous units. 

The  classification  scheme  may  also  be  used 
by  management  to  select  those  stands  which 
could  be  treated  for  predetermined  responses. 
Preferred  white-tailed  deer  habitats,  for  example, 
include  those  aspen  stands  which  contain  Pinus 
ponderosa  (serai  aspen  stands  in  advanced  stages 
of  succession,  Kranz  and  Linder  1973).  Classifica- 
tion of  aspen  stands  in  the  Black  Hills  would 
expedite  selection  of  communities  which  could 
best  be  managed  for  such  a  response. 

Ruffed  grouse  habitat,  on  the  other  hand, 
should  not  include  conifer  types,  particularly 
Picea  glauca,  because  conifers  furnish  optimum 
cover  for  most  ruffed  grouse  predators  (Gullion 
and  Svoboda  1972).  These  investigators  also 
noted  that  aspen  buds,  catkins,  or  leaves  are 
primary  ruffed  grouse  foods  all  year.  Flower  buds 
of  male  aspen  and  buds  of  Corylus  comuta  ranked 
1  and  2,  respectively,  as  grouse  foods  in  winter. 
Management  of  the  relatively  stable  stands  with 


Summary 

Twenty-eight  aspen  stands  located  through- 
out the  Black  Hills  and  Bear  Lodge  Mountains 
were  subjected  to  cluster  analysis  of  a  similarity 
matrix  based  on  the  ecological  attributes  of  vege- 
tation, soil,  and  site  characteristics.  This  anedysis 
produced  a  classification  of  the  aspen  complex 
into  nine  Aspen  Groups  (AG)  with  a  minimum 
internal  similarity  of  60  percent. 

The  indicator  tree,  shrub,  grass,  and  forb 
species  and  the  number  of  stands  included  in  each 
AG  are: 

AG-1:  Populus  tremuloides/Spiraea  lucida/Lathy- 

rus  ochroleucus  (eight  stands) 
AG-2:  Populus   tremuloides/Symphoricarpos  al- 

bus/Pteridium  aquilinum  (two  stands) 
AG-3:  Populus  tremuloides/Mahonia  repens/Ory- 

zopsis  asperifolia  (seven  stands) 
AG-4:  Populus  tremuloides/Ribes  missouriense/ 

Oryzopsis  asperifolia  /  Aster  laevis  (one 

stand) 
AG-5:  Populus  tremuloides/Rosa  woodsii/Pod pro- 

tensis/Trifolium  repens  (four  stands) 
AG-6:  Populus  tremuloides/Physocarpus  mono- 

gynous/Poa  pratensis/Smilacina   stellata 

(one  stand) 
AG-7:  Populus    tremuloides/Rubus   parviflorus/ 

Agropyron  sub  secundum/ Aralia  nudicaulis 

(one  stand) 
AG-8:  Populus  tremuloides/Corylus  comuta/Ara- 

lia  nudicaulis  (three  stands) 
AG-9:  Populus  tremuloides  /  Ostrya  virginiana  I 

Oryzopsis  asperifolia  /  Aralia  nudicaulis 

(one  stand) 

All  aspen  stands  were  found  on  sites  that 
indicated  cool,  moist  situations  (north-facing 
slopes).  Soil  development  was  poorly  correlated 
with  understory  vegetation.  The  only  consistent 
feature  common  to  all  profiles  was  the  presence  of 
an  A,  horizon  with  a  granular  structure. 

Aspen  stands  within  the  Black  Hills  and  Bear 
Lodge  Mountains  exhibited  differences  in  succes- 
sional  status.  Stands  within  AG-3  and  AG-4  were 
serai  stages  that  will  eventually  revert  to  Pinus 
ponderosa  or  Picea  glauca,  AG-8  and  AG-9  are 
composed  of  relatively  stable  aspen  stands  with 
a  heavy  shrub  understory. 
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The  classification  scheme  developed  here 
can  be  a  useful  tool  for  research  and  management. 
Representative  aspen  stands  can  be  selected  for 
further  intensive  studies  from  the  relatively 
homogeneous  units  developed  by  cluster  analysis 
of  a  similarity  matrix.  Resource  managers  can 
also  use  the  classification  to  identify  stands  that 
could  be  treated  for  predetermined  responses  to 
create  optimum  habitat  for  wildlife. 
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Abstract 

Lessard,  Gene,  and  Daniel  T.  Jennings. 

1976.  Southwestern  pine  tip  moth  damage  to  ponderosa  pine 
reproduction.  USDA  For.  Serv.  Res.  Pap.  RM-168,  8  p. 
Rocky  Mt.  For.  and  Range  Exp.  Stn..  Fort  CoHins,  Colo. 
80521. 

The  southwestern  pine  tip  moth  deforms  young  pines  by 
mining  growth  tips.  Deformities,  recognizable  several  years  after 
initial  attack,  are  categorized  as  prune,  crook,  fork,  posthorn, 
bush,  and  spiketop.  Combinations  of  deformities — crook/prune, 
bush/crook — are  prevalent  at  Chevelon,  Arizona. 

As  tree  height  increases,  tip  moth  damage  decreases. 
Deformities  causing  the  greatest  reduction  in  height  growth  also 
occur  most  frequently.  Only  7  percent  of  the  5,012  whorls 
examined  escaped  tip  moth  damage;  89  percent  had  a  signifi- 
cant height  growth  loss  ot  from  13  to  40  percent. 

Keywords:   Pbius  ponderosa.    Rhyacionia    neomexicana.    insect 
damage. 
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Introduction 

Tip-  and  shoot-feeding  insects  damage  trees  by 
injuring  or  destroying  the  apical  meristems  or  new 
growth  centers.  One  such  insect,  the  southwestern 
pine  tip  moth  {Rhyacionia  neomexicana  (Dyar)), 
attacks  and  damages  ponderosa  pine  (Pinus  ponder- 
osa Laws.)  in  the  central  and  southern  Rockies, 
midwestern  Plains,  and  the  Southwest.  This  tip  moth 
and  related  species  are  important  pests  threatening 
the  establishment  and  growth  of  pine  reproduction. 

Larvae  of  R.  neomexicana  pass  through  five 
instars  and  have  three  distinctive  feeding  stages:  (1) 
a  needle-mining  stage  before  new  shoots  are  at- 
tacked, (2)  a  pitch-tent  stage  when  new  needles  on 
expanding  shoots  are  severed  and  mined,  and  (3)  a 
shoot-mining  stage  that  often  destroys  the  entire  new 
shoot  (Jennings  1975).  Both  terminal  and  lateral 
shoots  in  upper  and  midcrowns  of  young  pines  are 
susceptible  to  attack.  Destruction  of  these  shoots  not 
only  reduces  height  growth,  but  also  deforms  sub- 
sequent tree  growth  form. 

Damage  is  generally  greater  on  young  ponderosa 
pines  less  than  6  to  8  feet  tall.  Seedlings  less  than  1 
foot  in  height  may  be  attacked  the  same  year  they  are 
planted  (Jennings  1975).  Large,  open  areas  with 
numerous  small  trees,  such  as  naturally  seeded  or 
planted  burns,  seem  most  vulnerable  to  persistent 
infestations. 

Working  with  the  related  European  pine  shoot 
moth,  R.  buoliana  (Schiff.),  Heikkenen  (1960) 
grouped  tree  damage  into  the  following  categories: 
pruning,  crook,  fork,  posthorn,  bush,  and  spiketop. 
Descriptions  of  these  damage  categories  on  red  pine, 
Pinus  resinosa  Ait.,  are  given  by  Heikkenen  (1960), 
Talerico  and  Heikkenen  (1962),  Miller  and  Schallau 
||(1963),  and  Miller  (1967).  Similar  types  of  damage 
jare  found  on  ponderosa  pine  due  to  feeding  by  R. 
\\neomexicana. 

I  In  1956,  a  devastating  forest  fire,  the  Dudley  Fire, 
burned  21,000  acres  of  ponderosa  pine  on  the 
Chevelon  Ranger  District,  Apache-Sitgreaves 
National  Forest,  about  45  miles  south  of  Winslow, 
|\rizona.  Most  of  the  Dudley  Burn  reseeded  natural- 
ly with  ponderosa  pine,  but  large  open  areas  were 
subsequently  planted  with  ponderosa  planting  stock. 
The  young  seedlings,  both  natural  and  planted,  soon 
pecame  infested  with  tip  moths.  Surveys  conducted 
py  entomologists  with  the  Forest  Insect  and  Disease 
vlanagement  Branch,  Southwestern  Region,  USDA 
Mjrest  Service,  showed  that  few  seedlings  escaped 


damage.  In  1966,  38  percent  of  the  seedlings 
examined  were  damaged  by  tip  moths.3  By  1969,  this 
percentage  had  increased  to  82.^ 

Although  tip  moths  are  continuing  (1975)  to 
damage  young  pines  at  Chevelon,  there  is  some 
indication  that  thinning  naturally  seeded  areas  allows 
the  remaining  trees  to  grow  beyond  the  height 
susceptible  to  tip  moth  attack.  The  smaller  planta- 
tion trees,  including  those  under  heavy  grass  compe- 
tition, are  still  being  heavily  damaged. 

In  1975,  studies  were  initiated  to  obtain  informa- 
tion on  how  the  tip  moth  affects  ponderosa  pine 
regeneration  in  the  Southwest.  These  studies  were 
designed  to  determine  the  nature  and  extent  of 
damage  and  resultant  deformities  to  ponderosa  pine 
reproduction  at  Chevelon.  This  paper  summarizes  (1) 
the  types  of  tree  deformities  found,  (2)  how  frequent- 
ly each  type  occurs,  and  (3)  their  possible  effects  on 
tree  growth  rates. 


Methods 

In  1968,  fifteen  100-acre  study  plots  were  estab- 
lished on  the  Dudley  Burn.5  Most  of  the  plots  were 
located  in  naturally  seeded  areas,  and  were  originally 
established  to  determine  the  effectiveness  of  chemical 
treatments  for  controlling  tip  moths.  Additional 
study  plots  were  established  the  same  year  in  planted 
areas  of  the  George,  Loop,  and  Hatchery  Burns,  on 
the  Chevelon  Ranger  District.  Within  each  study 
plot  on  the  Dudley  Burn,  25  subplots  of  variable  size 
(only  10  subplots  on  the  George,  Loop,  and  Hatchery 
Burns)  were  systematically  established.  The  10  trees 
nearest  subplot  center  were  then  chosen  and  perma- 
nently tagged. 

■^T/p  moth  survey.  1966.  Chevelon  Ranger  District, 
Sitgreaves  National  Forest.  15  p.  (Unpubl.  rep.  on  file  at 
Southwest.  Reg..  USDA  For.  Serv..  Albuquerque,  N.M.) 

'^Buffam.  Paul  E.  1969.  Results  of  the  1969  evaluation 
of  the  southwestern  pine  tip  moth  trend  study  plots. 
Sitgreaves  National  Forest,  Chevelon  Ranger  District, 
Region  3.  4  p.  (Off.  Rep.,  on  file  at  Southwest.  Reg.. 
USDA  For.  Serv.,  Albuquerque,  N.l^.) 

^Buffam.  P.  £,,  and  C.  J.  Germain.  1968.  Helicopter 
application  of  Cygon  (dimethoate)  for  control  of  the 
southwestern  pine  tip  moth,  Rhyacionia  neomexicana 
(Dyar).  Results-Pilot  Control  Study.  Sitgreaves  National 
Forest.  Chevelon  District.  Region  3.  8  p.  (Off.  Rep.,  on 
file  at  Southwest.  Reg.,  USDA  For.  Serv.,  Albuquerque, 
N.M.) 


Since  1968.  Forest  Insect  and  Disease  Manage- 
ment entomologists  have  measured  height  growth 
and  determined  tip  moth  infestation  trends  on  the 
George,  Loop.  Hatchery,  and  nine  of  the  Dudley 
Burn  plots  (fig.  1).  Because  these  observations  and 
measurements  provide  infestation  and  tree-growth 
histories  for  individually  tagged  trees,  these  same 
trees  were  examined  for  tip  moth-caused  deformities. 

Tagged  natural  and  planted  trees  were  measured 
and  examined  for  deformities  in  September-October 


1975.  By  this  time.  R.  neomexicana  larvae  had 
completed  their  shoot  feeding.  Tree  heights  were 
measured  with  telescoping  12-foot  poles.  Heights 
were  measured  to  the  nearest  inch  from  the  upper- 
most shoot,  regardless  of  intrawhorl  position,  to 
ground  level.  For  example,  if  the  terminal  shoot  was 
destroyed  by  tip  moth  feeding,  a  lateral  shoot 
generally  assumed  dominance.  Height  of  this  upper- 
most shoot  aboveground  determined  tree  height. 


CHEVELON  RANGER  DISTRICT 
APACHE -SITGREAVES   NATIONAL   FOREST 

Location  of  southwestern 
"  pine  tip  moth  plots 

D  Lookouts 

scale 

0     12    3    4 


"s::? 


Figure  1.  — Location  of  study  plots  on  the 
Dudley,  Loop,  George,  and  Hatchery 
Burns. 
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Individual  whorls  within  trees  were  examined  for 
deformities  and  measured  for  internodal  growth, 
starting  at  the  crown  apex  and  working  downward 
toward  the  base  of  the  tree.  Small  trees  were 
examined  for  three  or  four  whorls;  larger  trees  for 
five  or  six  and  occasionally  seven  whorls.  For 
analysis,  the  type  and  percentage  of  each  deformity 
was  determined  for  each  10  inches  of  tree  height. 
Mean  height  growth  following  each  type  of  deformity 
was  then  determined  from  the  internodal  measure- 
ments. 


Results  and  Discussion 

Types  of  Deformities 

The  deformities  found  on  ponderosa  pine  due  to 
feeding  by  R.  neomexicana  are  summarized  as  fol- 
lows: 

Prune:  one  or  more  lateral  buds  killed,  resulting  in 
fewer  branches  per  whorl;  no  crook  in  main 
stem  (fig.  2). 


Crook:  a  departure  from  straightness.  resulting 
from  complete  or  partial  destruction  of  the 
terminal  shoot.  Miller  (1967.  p.  13)  lists  four 
types.  Lateral  generally  assumes  dominance  over 
damaged  terminal;  loss  of  form  depends  on 
degree  of  crook  and  number  of  lateral  shoots 
that  continue  height  growth  (fig.  3). 

Fork:  two  or  more  laterals  assume  dominance  (fig. 
4).  Forking  may  follow  bushing  (Talerico  and 
Heikkenen  1962);  one  ultimate  effect  of  forking 
may  be  a  crook,  if  a  competing  branch  becomes 
dominant. 


Posthom:  a  severe  crook  resulting  from  larval 
feeding  on  only  one  side  of  the  terminal  shoot; 
feeding  stops  before  the  shoot  is  killed  and  the 
injured  leader  bends  at  the  point  of  attack  (fig. 
5). 


Bush:  an  increase  in  the  normal  number  of 
branches  at  a  whorl;  adventitious  buds  produce 
multiple  shoots  after  destruction  of  terminal  and 
lateral  shoots  (fig.  6). 
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Spiketop:  insect  attack  kills  the  terminal  but 
adventitious  buds  do  not  develop,  resulting  in  a 
dead  top  (fig.  7). 


Frequency  of  Deformities 

We  examined   a  total  of  5,012   whorls   for   tre^ 
deformities  caused  by  tip  moths  (table   1).   Only 


Table    ] . --Di stri but  ion   of   southwestern    pine   tip  moth   tree   deformities,    by  whorl    level 


Damage 

Whorl  level 

Total 

Category 

1 

2 

3 

k 

5 

6 

7 

or 
average 

_  _  _ 

_  _  _  _ 

_  _  _  _ 

Number  - 

_ 

_  _  _  _ 

-  -  - 

Observat  ions 

919 

919 

905 

828 

Percent 

66i» 

488 

289 

5012 

SINGLE: 

Normal 

11.0 

5.0 

6.0 

5.1 

6.6 

6.4 

13.5 

7.0 

Bush 

15.3 

6.3 

6.8 

'*.2 

7.8 

9.2 

10.0 

8.4 

Crook 

8.2 

9.8 

9.7 

10.5 

10.5 

7.8 

6.9 

9.3 

Prune 

21  .0 

15.0 

12.5 

17.9 

18.4 

21.1 

18.3 

17.4 

Fork 

1.2 

2.8 

1.9 

1.9 

1.5 

1.8 

1.7 

1.9 

Spi  ketop 

1  .  1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.2 

Posthorn 

1.0 

0.0 

0.2 

0.0 

0.3 

0.2 

0.0 

0.4 

DOUBLE: 

Prune/crook 

25.'. 

3^.7 

31.7 

3'.. 3 

33.3 

32.6 

28.0 

31.6 

Bush/crook 

]k.] 

21.8 

27.2 

23.2 

20.2 

18.2 

21.1 

21.0 

Prune/fork 

0.9 

2.5 

2.2 

1.8 

1.0 

1.8 

0.3 

1.7 

Bush/fork 

0.5 

1.2 

1.6 

1.0 

0.2 

0.8 

0.0 

0.9 

Posthorn/fork 

0.0 

0.0 

0.1 

0.0 

0.0 

0.0 

0.0 

0.0 

Posthorn/bush 

0.5 

0.3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.2 

Posthorn/prune 

0.2 

0.  1 

0.0 

0.  1 

0.0 

0.0 

0.0 

0.1 

percent  of  the  whorls  were  categorized  as  normal, 
that  is,  without  damage  and  having  a  complement  of 
at  least  three  lateral  branches  (fig.  8).  Most  whorls 
(55  percent)  had  a  combination  of  two  kinds  of 
deformity,  such  as  crook/prune  or  prune/fork;  38 
percent  had  only  one  kind. 

The  crook,  bush/crook,  prune,  and  prune/crook 
categories  accounted  for  about  79  percent  of  the 
deformities.  The  remaining  categories  made  up  14 
percent  of  the  total  whorls  examined,  of  which  only  5 
percent  were  forks,  posthorns,  and  spiketops.  In 
contrast,  Talerico  and  Heikkenen  (1962)  found  that 


most  European  pine  shoot  moth  damage  resulted  in 
forking,  and  that  most  forks  were  an  outgrowth  of 
bushing.  From  60  to  90  percent  of  the  red  pine  trees 
they  sampled  had  forks. 

As  tree  height  increased,  especially  above  61 
inches,  tip  moth  damage  decreased  (table  2).  Dis- 
tribution of  damage  by  10-inch  height  classes  indi- 
cates that  as  tree  height  increases:  (1)  percentage  of 
normal  and  bush  whorls  increases;  (2)  percentage  of 
crook,  bush/crook,  prune/crook  and  prune/fork 
decreases;  and  (3)  percentage  of  prune  remains 
about  the  same.  These  percentages  possibly  reflect 


Table   2. --Percent   deformity,    by   tree    height    class   and   damage  category 


Damage 

Tree 

height  c 

lass  (• 

nches) 

Category 

1-10 

11-20 

21-30 

31-AO 

41-50 

51-60 

61-70 

71-80 

81-90 

91-100 

Normal 

2. A 

^♦.7 

6.5 

9.0 

7.1 

7.3 

8.0 

9.7 

14.9 

13.9 

Bush 

2.7 

8.0 

7.6 

8.3 

8.2 

8.3 

7.4 

10.1 

12.9 

20.3 

Crook 

3.9 

7.h 

8.7 

3.^ 

10.8 

11.3 

13.0 

11.2 

9.8 

8.9 

Bush/crook 

25.9 

18.9 

20.8 

21. I 

21.7 

23.0 

21.5 

20.4 

19.6 

16.5 

Prune 

13.6 

19.8 

16.0 

15.9 

17.2 

17.7 

19.3 

16.2 

14.9 

25.3 

Prune/crook 

kk.S 

37.5 

3^.0 

32.^ 

29.6 

27.5 

25.8 

25.0 

24.2 

11.4 

Prune/fork 

3.9 

1.6 

2.3 

0.7 

1.1 

1.2 

1.1 

1 .2 

0.5 

0.0 

height  preferences  by  ovipositing  females.  Fewer  eggs 
are  deposited  on  upper  crown  needles  more  than  6  to 
8  feet  aboveground;  consequently,  larger  trees  sus- 
tain less  tip  moth  damage. 


Effect  on  Tree  Growth 

Three  distinct  deformity  classes  were  established 
on  the  basis  of  analysis  of  variance  and  multiple 
range  tests  (table  3).  Mean  internodal  height  growth 
was  significantly  different  (P<.05)  between  each  of 
the  deformity  classes,  but  no  differences  were  found 
within  classes:  Class  I,  normal  and  bush;  Class  II, 
crook  and  bush/crook;  and,  Class  III,  prune, 
prune  crook,  and  prune/fork.  Deformities  not  in- 
cluded in  these  three  classes  were  infrequently 
observed. 


Table    3- ""Mean    internodal    height    growth,^    by 
deformity  class^ 


Type  of 

deformi  ty , 

by  class 

Mean 

internoda 1 

height 

growth 

Stan- 
dard 
devi  - 
at  ion 

Observa" 
t  ions 

Inches 

Number 

CLASS  1: 

Normal  (no  damage) 

7.5 

3.3 

]3k 

Bush 

7.6 

k.2 

165 

CLASS  II: 

Crook 

6.i* 

3.2 

31'* 

Bush/crook 

6.5 

8.0 

783 

CLASS  III: 

Prune 

5.5 

3.1 

520 

Prune/crook 

5.0 

2.9 

1229 

Prune/fork 

'♦.5 

2.0 

59 

^Internodal    growth    following    each   deformity 
cl ass . 

^Classes  are  significantly  different  at  P<. OS- 
Mean  internodal  height  growth  following  fork  (6.1 
inches)  was  significantly  different  from  Class  I 
deformities,  but  not  from  Class  II  or  III  deformities. 
Also,  no  differences  were  found  following  posthorn 
(6.8  inches)  or  bush/fork  (6.3  inches),  or  between 
these  two  damage  categories  and  all  other  damage 
categories. 

Height  growth  following  crook  and  bush/crook 
was  significantly  less  than  that  following  the  normal 
internode.  Pruning  and  combinations  of  prune/fork 


and  prune/crook  produced  even  greater  departures 
from  normal.  Reduced  height  growth  following  crook 
is  probably  a  function  of  the  severity  of  the  crook. 
Although  pruning  causes  no  departure  from  straight- 
ness,  loss  of  height  growth  may  be  a  function  of 
reduced  photosynthetic  area  necessary  for  terminal 
growth. 

Only  7  percent  of  the  5,012  whorls  examined 
escaped  tip  moth  damage;  89  percent  of  the  whorls 
had  a  significant  height  growth  loss  of  from  13  to  40 
percent.  Although  we  have  no  data  on  long-term 
effects  of  the  southwestern  pine  tip  moth  on  pon- 
derosa  pine.  Miller  (1967)  found  that  red  pine 
eventually  outgrows  crook  and  bush  deformities. 
In  the  Southwest,  ponderosa  pines  taller  than  6  to  8 
feet  arc  less  susceptible  to  attack  by  the  southwestern 
pine  tip  moth.  Some  deformities  probably  persist  as 
the  tree  matures,  however,  and  may  appear  later  as 
defects  in  merchantable  trees.  FfoUiott  and  Barger 
(1967)  quantified  some  stem  features,  including 
crook  and  fork,  that  reduce  quality  of  southwestern 
ponderosa  pine.  Perhaps  some  of  these  defects  may 
be  attributed  to  earlier  tip  moth  infestations. 
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Abstract 


1976  Gully  development  and  control:  The  status  of  our  knowl- 
edge USDA  For  Serv.  Res.  Pap.  RM-169,  42  p.  Rocky  Mt.  For. 
and  Range  Exp.  Stn.,  Fort  Collins,  Colo.  80521 

Gully  formation  is  discussed  in  terms  of  mechanics,  processes 
morphology,  and  growth  models.  Design  of  gully  controls  should 
draw  on  our  understanding  of  these  aspects.  Estabhshment  of  an 
effective  vegetation  cover  is  the  long-term  objective.  Structures 
are  often  required.  The  least  expensive,  simply  built  structures  are 
loose-rock  check  dams,  usuaUy  constructed  with  single-  or  double- 
wire  fences.  Prefabricated  concrete  dams  are  also  effective,  func- 
tional relationships  between  dams,  sediment  catch,  and  costs,  as 
well  as  a  critical  review  of  construction  procedures,  should  aid  the 
land  manager  in  design  and  installation  of  gully  treatments. 

Keywords:  GulUes,  erosion,  geomorphology,  erosion  control,  dams. 
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Burchard  H.  Heede 


HISTORICAL  BACKGROUND 

Early  man  was  less  mobile  and  more  depen- 
dent on  the  surrounding  land  than  his  modern 
descendant.  In  many  desert  and  semidesert  re- 
gions, he  not  only  learned  to  Live  with  gullies,  but 
utilized  them  for  the  collection  of  water  and  the 
production  of  food.  Such  desert  agriculture  was 
practiced  in  North  Africa,  Syria,  Transjordan, 
southern  Arabia,  and  North  and  South  America. 
Thus,  many  areas  in  the  world  once  supported 
more  people  than  today.  The  Sierra  Madre  Occi- 
dental, Mexico,  had  a  much  higher  population 
density  1,000  years  ago  than  at  present  (Dennis 
and  Griffin  1971),  as  did  the  Negev  Desert  in 
Israel  (Evenari  1974). 

Gully  control  on  these  ancient  farms  was  not 

an  end  in  itself,  but  a  means  for  food  production. 

Evenari  et  al.  (1961)  found  well-defined  "runoff 

farms"  in  the  Negev  Desert  of  Israel  dating  back 

to  the  Iron  Age,  3,000  years  ago.  The  climate, 

ndoubtedly  not  different  today,  is  characterized 

y  an  average  yearly  precipitation  of  95  mm 

3.7  inches),  most  of  which  falls  in  relatively  small 

bowers.  Precipitation  exceeds  10  mm  (0.39  inch) 

jn  an  average  of  only  2  days  per  year.  Still,  runoff 

'arms,  using  check  dams  and  water  spreaders  in 

vadis,  gulhes,  and  on  hillsides,  were  able  to  sup- 

3ort  dense  populations  until  the  Negev  was  occu- 

)ied  by  nomadic  Bedouins  after  the  Arab  conquest 

n  the  7  th  century  A.D. 

At  least  900  years  ago,  the  aborigines  of  the 
lorthern  Sierra  Madre  Mountains  of  Chihuahua 
nd  Sonora,  Mexico,  developed  an  intensive  field 
ystem  by  altering  the  natural  environment  with 
he  help  of  trincheras  (Herold  1965).  Trincheras 
f  the  Sierran  type— check  dams  built  from  loose 
lock— created  field  and  garden  plots  within  gullies 
nd  valleys  by  sediment  accumulation,  increased 
^ater  storage  within  the  deposits,  and  spread  the 
ows  on  the  deposits  during  storms.  Similar  but 
iss  developed  systems  were  built  sporadically 
1  Arizona,  New  Mexico,  and  southwestern  Colo- 
ido.  About  1450  A.D.  this  flourishing  agricul- 
ire  disappeared. 


With  the  age  of  industriahzation,  man  lost 
his  close  dependence  on  the  land.  Population 
densities  increased,  land  was  fenced,  and  roads 
and  communication  systems  mushroomed.  This 
rapid  change  caused  a  different  philosophy  in  the 
approach  to  gulhes.  Gullies  were  visuahzed  as 
destroyers  of  hves  and  property,  and  as  barriers 
to  speedy  communication.  It  is  not  surprising, 
therefore,  that  the  first  textbook  on  gullies  or 
torrents,  published  in  the  1860's  in  France,  dealt 
with  control  only.  Others  followed  quickly  in 
Austria,  Italy,  Germany,  and  later  in  Japan. 

It  is  not  surprising  that  our  knowledge  on 
the  mechanics  of  gullying  is  meager  if  we  consider 
that,  during  the  last  100  years,  torrent  and  gully 
control  were  emphasized.  Gully  control  research 
focused  on  engineering  aspects— structural  di- 
mensions, types  of  structures,  and  adaptation  of 
advances  in  civil  engineering  elsewhere.  When  in 
the  middle  1950's  interest  was  awakened  in  gully 
processes,  efforts  concentrated  on  mathematical 
and  statistical,  rather  than  physical,  relationships. 

The  time  has  come  to  concentrate  our  efforts 
on  understanding  gully  mechanics,  and  to  re- 
assess our  philosophy  on  gully  control.  The  objec- 
tives must  be  broadened  beyond  those  of  defense, 
and  incorporate  those  of  agricultural  production, 
water  yield,  and  environmental  values.  This  task 
will  not  be  easy,  and  in  many  cases  tradeoffs  will 
be  required. 

In  areas  of  food  shortage,  the  most  pressing 
objective  in  gully  control  may  be  agricultural 
production.  Food-short  areas  are  often  arid  or 
semiarid,  where  gulhes  are  the  only  streambeds 
supporting  flow  at  times,  and  gully  bottoms  are 
closest  to  the  low-lying  water  table.  Gully  flows 
as  well  as  moisture  storage  both  were  utilized  for 
plant  growth  by  ancient  man.  Modern  man  may 
have  to  relearn  the  forgotten  art  of  gully  manage- 
ment in  desert  farming.  This  possibility  is  better 
for  many  developing  countries;  in  highly  indus- 
trialized countries,  the  present  cost-price  structure 
will  seldom  permit  successful  guUy  management 
for  food  production  in  deserts  and  mountain  lands. 


In  the  United  States,  however,  gully  manage- 
ment has  been  successfully  practiced  on  agricul- 
tural lowlands  at  least  since  the  1930's,  wher 
conservation  farming  was  introduced  on  a  large 
scale.  Farmers  converted  gullies  into  grassed 
waterways  to  serve  the  dual  purpose  of  safe  con- 
veyance of  surplus  irrigation  water  and  forage 
production.  Often  the  Federal  Government  sub- 
sidized this  work  by  extending  technical  and 
monetary  help. 

In  contrast  to  agricultural  lowlands,  we  know 
very  Uttle  about  gully  management  on  mountain 
lands,  where  we  have  been  mainly  concerned  with 
control.  In  the  United  States,  a  first  approach  to 
gully  management  on  mountain  slopes  was 
Heede's  (1968a)  installation  of  vegetation-lined 
waterways  in  the  Colorado  Rocky  Mountains. 
Converted  areas  lost  91  percent  less  soil  than 
untreated  gullies,  and  the  unpalatable  plant  cover, 
consisting  mainly  of  sagebrush,  was  changed  to 
a  palatable  one,  adding  to  the  grazing  resource. 

In  Italy,  intensive  hand  labor,  plowing,  and 
manmade  torrent  streams  reshaped  gullied  moun- 
tain slopes  of  the  Apennines  into  gentle  hillsides 
that  could  support  pastures,  vineyards,  and 
orchards.  The  reshaping,  called  hydraulic  recla- 
mation (Heede  1965a),  was  justified  by  efforts  to 
place  Italian  agriculture  on  a  competitive  basis 
when  it  would  join  the  Common  Market  Com- 
munity in  the  late  1960's.^ 

Modern  check  dam  systems  can  also  benefit 
water  yield.  Brown  (1963)  reported  on  the  con- 
version of  ephemeral  flows  to  perennial  streams 
below  check  dams.  Heede^  obtained  perennial 
flow  7  years  after  installation  of  a  check  dam 
system  where  only  ephemeral  flow  had  occurred 
during  the  previous  50  years.  It  is  postulated 
that  this  change  is  due  to  water  storage  in  the 
sediment  accumulations  above  the  dams.  Con- 
siderable vegetation  develops  within  the  gulHes 
as  well  as  on  the  watershed.  Although  this  addi- 
tional vegetation  undoubtedly  uses  water,  the 
evapotranspiration  loss  is  more  than  offset  by 
increased  soil  infiltration  rates,  resulting  from 
vegetation  cover  improvement,  which  benefit  soil 
water  storage  at  times  of  high  flows.  The  dura- 
tion of  significant  flows  increased,  but  total  water 
yield  did  not. 


^ Heede,  Burchard  H.,  1962.  A  report  on  a  visit  of  re- 
search stations,  torrent  control,  and  land  reclamation 
projects  in  France,  Italy  and  Austria.  73  p.  (On  file.  Rocky 
Mt.  For.  and  Range  Exp.  Stn.,  Fort  Collins,  Colo.) 

^Heede,  Burchard  H.  Evaluation  of  an  early  soil  and 
water  rehabilitation  project— Alkali  Creek  watershed,  Colo- 
rado. (Research  Paper  in  preparation  at  Rocky  Mt.  For.  and 
Range  Exp.  Stn.,  Fort  Collins,  Colo.) 


The  environmental  value  of  gullies  is  assessed 
differently  by  different  people.  To  some,  gulUes 
may  represent  a  typical  landform  of  the  Old  West, 
a  dear  sentiment,  adding  to  envirorunental  quality. 
To  them,  gully  control  should  be  attempted  only 
if  needed  to  meet  pressing  land  management  ob- 
jectives. To  others,  gullies  may  offer  only  an 
unsightly  scene,  and  the  conversion  of  raw  gully 
walls  into  green  stable  slopes  is  a  desirable  goal. 
Our  approaches  to  gully  management  must  there- 
fore remain  flexible. 

It  is  the  objective  of  this  paper  to  show  prog- 
ress and  limits  in  our  knowledge  of  gullies  and 
their  control,  and  thus  to  help  the  land  manager 
achieve  his  goals. 


SCOPE 

This  paper  attempts  to  summarize  the  avail- 
able body  of  knowledge  and  hypotheses  on  gully 
formation  and  control.  As  illustrated  by  the  his- 
torical development  of  gully  management,  gully 
control  currently  comprises  the  larger  body  of 
knowledge.  Of  necessity,  the  discussion  of  gully 
control  will  be  based  mainly  on  works  in  the  Colo- 
rado Rocky  Mountains,  where  considerable  effort 
has  been  invested  since  the  work  of  the  Civilian 
Conservation  Corps  in  the  1930's. 

Gully  formation  will  be  divided  into  three 
aspects:  mechanics,  processes  and  resulting 
morphology,  and  growth  models.  The  individual 
aspects  of  gully  formation  must  be  considered 
not  only  by  the  control  engineer,  but  also  by  the 
land  manager  who  may  decide  not  to  interfere.  If 
noninterference  is  the  decision— and  it  will  be  in 
most  cases— the  consequences  should  be  con- 
sidered in  the  management  plan  to  avoid  future 
"surprises."  Should  gully  management  be  planned 
for  food  or  forage  production,  however,  know- 
ledge of  these  aspects  of  gullying  will  improve 
the  design.  Thus  this  report  should  be  a  helpful 
tool,  whatever  the  land  management  decision 
may  be. 


GULLY  FORMATION 

Gullies  develop  in  different  vegetation  types. 
In  the  West,  gullies  often  develop  in  open  pen- 
derosa  pine  forests  (fig.  1)  or  grasslands  (fig.  2), 
the  latter  often  heavily  mixed  with  sagebrush 
(Heede  1970). 

Gully  development  and  processes  have  been 
studied  by  many  investigators.  A  basic  question 
raised  was,  why  did  gully  cutting  accelerate  in 


the  1880's  in  the  West,  as  documented  for  many 

locations?  Schumm  and  Hadley  (1957)  argued 

that  the  sudden  rapid  development  of  gullies 

followed   the   sharp   increase   in   cattle  grazing 

around  1870.  Leopold  (1951)  cited  an  additional 

influential  factor— exceptionally  frequent  high- 
intensity  storms  at  this  time.  Thus  overgrazing 

may  only  have  been  the  trigger.  Yet  Peterson 

(1950)  stated  that  gully  formation  started  in  some 

locations   before   they    were   overgrazed,    while 

other  areas  never  experienced  gully  erosion  after 

grazing.   Other   investigators   stressed   climatic 

change  as  the  chief  cause  (Gregory  1917,  Bryan 

1925,  Richardson  1945). 

Neither  the  short-time  climatological  records, 

nor  other  approaches  such  as  tree  ring  studies 

and  pollen  analysis,  permit  us  to  realistically 

assess  the  possible  relationship  between  cUmatic 

change  and  gully  cutting.  I  agree  with  Hastings 

(1959)  that,  recognizing  the  fragile  condition  of 

much  western  plant  cover,   any   trigger  effect 

could  damage  the  cover  to  an  extent  where  bare 

soil  and  runoff  could  increase  drastically.  Over- 
grazing and  other  land  abuses  such  as  poor  road 

construction  and  location  certainly  were  triggers. 

Once  guUy  scarps  formed,  the  development  of 

gully  networks  was  inevitable,  because  during 

the  last  half  of  the  19th  century,  the  agricultural 

industry  of  the  West  was  one  of  exploitation, 

not  conservation. 

Figure  1.— This  discontinuous  gully  advances  through  a  ponderosa 
pine  forest  with  an  understory  of  grasses  and  other  herbaceous 
vegetation.  Location  is  the  Manitou  Experimental  Forest  on 
the  eastern  slope  of  the  Rocky  Mountains  in  the  Colorado 
Front  Range. 


Figure  2.— This  gully  developed 
on  a  valley  bottom  covered 
by  a  fine  stand  of  bunch- 
grasses  on  the  Manitou  Ex- 
perimental Forest,  Colorado 
Front  Range.  The  view  is 
across  the  reach  close  to  the 
gully  mouth. 


Mechanics 

Piest  et  al.  (1973,  1975)  deserve  the  credit  for 
beginning  gully  mechanics  investigations  on  agri- 
cultural croplands.  Their  studies  showed  that 
tractive  force  and  stream  power  of  the  flow  were 
not  sufficient  for  a  significant  detachment  of 
erodible  loess  soil  overlying  glacial  till  in  the 
rolling  countryside  of  western  Iowa.  Tractive 
force  (t)  was  defined  as: 


T  =  yRiS, 


(1) 


where  y  is  the  specific  weight  of  the  fluid,  Ri  is 
the  hydraulic  radius,  and  S,  represents  the  slope 
of  the  energy  gradient.  The  investigators  deter- 
mined the  stream  power  per  unit  length  of  gully 
(cu)by 


a;  =  TPV 


(2) 


where  P  is  the  wetted  perimeter  and  V  is  the 
mean  stream  velocity.  Since  flow  width  (w)  and 
wetted  perimeter  were  approximately  equal,  w, 
the  factor  usually  included  in  the  equation,  was 
substituted  with  P. 

Calculations  of  unit  stream  power  gave  esti- 
mated values  only,  since  the  roughness  coefficient 
(n)  had  to  be  estimated  in  the  Manning's  equation. 
Stage-discharge  records  as  well  as  current  meter 
measurements  were  used  as  checks,  however. 
These  calculations  explain  much  of  the  "abnor- 
mal" behavior  of  flow  and  sediment  relations 
observed  by  Heede  (1964,"  1975a)  and  Piest  et  al. 
(1973,  1975):  flow  and  sediment  concentration  in 
gullies  are  not  necessarily  related. 

Concentration  is  related  to  the  time  since 
beginning  of  the  particular  flow  event,  however 
(table  1).  During  early  flow,  sediment  concentra- 
tions and  loads  are  high  and  then  decrease  with 
time  until  the  easily  available  sediment  derived 
from  mass  wasting  processes  within  the  gully 
has  been  removed.  The  last  recession  flows  may 
be  nearly  clear  water.  This  time-dependent  char- 
acteristic of  sediment  concentration  makes  it 
possible  that  a  high  stream  discharge  may  carry 
a  much  smaller  load  than  a  small  one  if  the  former 
occurs  at  a  later  date.  Thus,  if  concentration  is 
plotted  over  discharge,  a  hysteresis  effect  be- 
comes visible. 

Piest  et  al.  (1975)  stress  that  a  sediment  con- 
centration parameter  is  usually  a  better  erosion 

"Heede,  Burchard  H.,  1964.  A  study  to  investigate 
gully-control  measures  on  the  Alkali  Creek  watershed. 
White  River  National  Forest.  Progress  Report  No.  3.  29  p. 
(On  file  at  Rocky  Ml  For.  and  Range  Exp.  Stn.,  Fort  Col- 
lins, Colo.) 


indicator  than  sediment  discharge  for  testing 
erosion-causing  variables.  Two  main  reasons  were 
given:  (1)  Sediment  discharge  is  the  product  of 
flow  and  sediment  concentration,  which  intro-' 
duces  a  statistical  bias  into  any  relationship  that 
may  be  runoff  correlated;  (2)  runoff  is  not  a  basici 
variable,  and  would  mask  other,  more  basic  vari-j 
ables  since  it  usually  is  well  correlated  with  thd 
erosion  condition  of  the  watershed.  | 

In  the  Iowa  study,  mass  wasting  of  guliy 
banks  and  headcuts  were  the  prime  erosion 
processes,  not  tractive  force  or  stream  power. 
Piest  et  al.  (1973)  found  that  height  of  water 
table,  soil  cohesive  strength,  and  rate  of  water 
infiltration  were  the  main  factors  controlling 
stability  of  gully  banks.  At  Alkali  Creek  in  west- 
ern Colorado,  where  soils  have  up  to  60  percent: 
clay,  mass  wasting  of  gully  banks  takes  place 
mainly  during  rainfalls  that  are  sufficient  to  wet 
and  thus  change  the  cohesiveness  of  the  banks.j 
but  insufficient  to  cause  gully  flows  (fig.  3). 


Processes  and  Morphology 
Discontinuous  Gullies 

Leopold  and  Miller  (1956)  classified  gullies 
as  discontinuous  or  continuous.   Discontinuous . 
gulUes  may  be  found  at  any  location  on  a  hill- 
slope.  Their  start  is  signified  by  an  abrupt  head- 
cut.    Normally,    gully    depth   decreases    rapidly 
downstream.  A  fan  forms  where  the  gully  inter- 
sects the  valley.  Discontinuous  gullies  may  occur 
singly  or  in  a  system  of  chains  (Heede  1967)  in 
which  one  guUy  follows  the  next  downslope.  These 
gullies  may  be  incorporated  into  a  continuous 
system  either  by  fusion  with  a  tributary,  or  may 
become  a  tributary  to  the  continuous  stream  net 
themselves  by  a  process  similar  to  stream  "cap-f 
ture."  In  the  latter  case,  shifts  on  the  alluvial  fan  i 
cause  the  flow  from  a  discontinuous  gully  to  be  i 
diverted  into  a  gully,  falling  over  the  gully  bank.  , 
At  this  point,  a  headcut  will  develop  that  pro-  - 
ceeds  upstream  into  the  discontinuous  channel  i 
where  it  will  form  a  nickpoint.  Headward  advance  ( 
of  the  nickpoint  will  lead  to  gully  deepening. 

A  chain  of  discontinuous  gullies  can  be  ex-  i 
pected  to  fuse  into  a  single  continuous  channel  li 
Heede  (1967)  described  the  case  history  of  such  a  i 
fusion.  Within  three  storm  events  of  less  than  i 
exceptional  magnitude,  the  headcut  of  the  down- 
hill gully  advanced  13  m  to  the  next  uphill  chan- 
nel, removing  70  m'^  of  soil  and  forming  one  gully. 

Vegetation  types  on  the  eastern  and  western 
flanks  of  the  Colorado  Rocky  Mountains  have   i 
not  controlled  the  advance  of  headcuts  of  discon- 


Table  1 . --Suspended  sediment  samples  from  gully  flows  on  Alkali  Creek  watershed,  Colorado  Rocky 

Mountains,  196**'  and  1975^ 


Flow 


Sed  iment 


Samp  1 i  ng 
Stat  ion 


Watershed 
area 


Date 


Average 

veloc  i  ty   Di  scharge 


Concen- 

tration   Discharge   Sand   Silt   Clay 


km^ 


m/s 


m^/s 


p. p.m. 


kg/s 


Peraent 


i(>k 


Gul 1y  3 

0.5 

Apr  i  1 

16 

0.7 

0.20 

35,706 

7.17 

12.9 

53.4 

33.7 

Apr  i  1 

29 

.5 

.02 

12,402 

.23 

7.5 

54.6 

37.9 

Main  Gul 1y  A 

2.8 

Apr  i  1 

]h 

•  3 

.23 

20,766 

4.81 

1.5 

57.9 

40.6 

Apri  1 

16 

.k 

•  55 

13,432 

7.39 

2.5 

62.3 

35.2 

Apr  i  1 

28 

.5 

.19 

4,499 

.86 

5.9 

63.5 

30.6 

May 

26 

•  3 

.02 

19 

.0003 

-- 

-- 

-- 

Ma  i  n  Gully  B 

26.9 

Apr  i  1 

15 

1.5 

2.25 

63,855 

143.52 

34.1 

45.1 

20.8 

Apri  1 

16 

2.0 

3.04 

35,134 

106.59 

51.4 

24.9 

23.7 

Apr  i  1 

29 

1  .0 

.99 

4,628 

4.58 

17.3 

73.8 

8.9 

May 

26 

.k 

.03 

12 

.0004 

-- 

-- 

-- 

1975 

Gully  3 

0.5 

Apr  i  1 

25 

.k 

.06 

2,775 

.18 

-- 

-- 

-- 

Apr  i  1 

26 

.6 

.04 

1.255 

.05 

-- 

-- 

-- 

Main  Gul ly  A 

2.8 

Apr  i  1 

2k 

.7 

.19 

2,377 

.44 

-- 

-- 

-- 

Apri  1 

26 

.7 

.25 

932 

.23 

-- 

-- 

-- 

Apri  1 

28 

.6 

.04 

178 

.01 

'The  flow  of  1964,  caused  by  snowmelt,  was  preceded  by  a  dry  channel  period  of  1  year. 
^Since  1971,  the  flows  are  perennial  but  decrease  to  magnitudes  of  less  than  0.028  mVs  by  midsummer, 
except  after  intense  rains.   The  1975  flow  was  mainly  snowmelt  runoff. 


Figure  3.— Bank  sloughing  in 
gully  on  Alkali  Creek  water- 
shed, western  Colorado,  dur- 
ing a  period  with  no  channel 
flow. 
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tinuous  gullies  (fig.  4).  Ponderosa  pine  and 
Douglas-fir  types,  both  with  understory  of  gras- 
ses and  other  herbaceous  vegetation,  grew  on  the 
eastern  flank;  grass  and  sagebrush  dominated 
the  western  flank.  Since  dense  root  mats  of  all 
these  species  occur  at  a  depth  below  ground  sur- 
face of  only  0.3  to  0.6  m,  undercutting  by  the 
waterfall  over  the  headcut  lip  renders  the  mats 
ineffective. 

Investigation  of  valley  fill  profiles  and  dis- 
continuous gullies  in  Wyoming  and  New  Mexico 
showed  that  discontinuous  gulhes  formed  on 
reaches  of  steeper  gradient  within  a  valley 
(Schumm  and  Hadley  1957).  The  authors  postu- 
lated that  overly  steep  gradients  within  alluviated 
valleys  could  be  explained  by  deficiency  of  water 
in  relation  to  sediment.  In  arid  and  semiarid  areas, 
water  losses  along  stream  courses  are  well  known 
(Murphey  et  al.  1972).  The  maintenance  of  stable 
alluvial  streambeds  is  related  to  the  quantity  of 
water  and  the  quantity  and  type  of  sediment 
moving  through  the  system  (Schumm  1969). 

On  the  Alkali  Creek  watershed,  evidence 
suggests  that  discontinuous  gullies  began  to 
form  at  locations  on  the  mountain  slopes  that 
were  characterized  by  a  break  in  slope  gradient. 
This  observation  coincides  with  Schumm  and 
Hadley 's  (1957)  survey  on  valley  floor  and  dis- 
continuous gully  profiles  in  Wyoming  and  New 
Mexico,  and  with  Patton  and  Schumm's  (1975) 
investigations  of  gullies  in  the  oil-shale  moun- 
tains of  western  Colorado.  There,  the  breaks  in 
valley  gradients  constituted  a  critical  oversteepen- 
ing  of  the  valley  slope.  The  oversteepening  was 
the  product  of  tributary  streams  that  deposited 
large  alluvial  fans  on  the  valley  floor.  Since  flow 
data  were  not  available,  Patton  and  Schunmi 
related  the  valley  slope  to  drainage  area.  Dis- 


criminant-function analysis  showed  that,  for 
areas  larger  than  10  km^  a  highly  significant 
relationship  existed  between  slope  gradient,  drain- 
age area,  and  gullying.  Discontinuous  gullies 
occurred  only  above  a  critical  slope  value  for  a 
given  area.  The  authors  suggested  that  the  re- 
sults may  be  applicable  only  for  the  study  region, 
since  climate,  vegetation  and  geology  were  con- 
sidered constants.  Yet  for  this  particular  region, 
the  land  manager  obtained  a  valuable  tool  that 
tells  him  where  discontinuous  gullies  may  form. 

The  initiation  of  a  discontinuous  gully  may 
also  be  explained  by  piping  collapse  (Hamilton 
1970).  Leopold  et  al.  (1964)  reported  soil  pipes  to 
be  an  important  element  in  the  headward  exten- 
sion of  this  gully  type.  Since  soil  piping  may  be 
related  to  soil  sodium,  soil  chemistry  must  also 
be  regarded  as  a  factor  in  gully  formation,  as 
demonstrated  on  the  Alkali  Creek  watershed 
(Heede  1971).  Piping  soils  (fig.  5),  which  caused 
gully  widening  and  the  formation  of  tributary 
gullies  (fig.  6),  had  a  significantly  higher  exchange- 
able sodium  percentage  (ESP)  than  nonpiping 
soils.  The  sodium  decreased  the  layer  permeability 
of  the  soils  by  88  to  98  percent.  Other  prerequisites 
for  the  occurrence  of  pipes  were  low  gypsum  con- 
tent, fine-textured  soils  with  montmorillonite 
clay,  and  hydraulic  head. 

Older  soil  piping  areas  showed  that  extensive 
presence  of  pipes  leads  to  a  karstlike  topography 
(fig.  7).  The  mechanical  breakdown  of  the  soils 
under  such  conditions  facilitates  leaching  of  the 
sodium  from  the  soils,  which  in  turn  benefits 
plants.  The  new  topography,  characterized  by 
more  gentle  gully  side  slopes  compared  with  the 
former  vertical  walls  of  sodium  soils,  permits 
increased  water  infiltration,  and  natural  rehabili' 
tation  of  the  gully  by  vegetation. 
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Figure  4.— Upstream  view  of  head- 
cut  in  gully  4,  Alkali  Creek 
watershed,  before  treatment. 
Length  of  rod  is  1.7  m. 


Figures.—  Soil  pipes  on  the  Alkali  Creek 
watershed    drain  runoff  into  the  gully. 
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Figure  6.— This  tributary  to  the 
main  gully  of  Alkali  Creek 
developed  after  the  roof  of 
the  soil  pipe  collapsed. 


Figure  7.— After  the  collapse  of 
the  soil  pipes,  lining  several 
reaches  of  gullies  on  the 
Alkali  Creek  watershed,  the 
vertical  gully  walls  have  be- 
gun to  break  down.  The  re- 
sultant topography  begins  to 
resemble  that  of  a  karst  sur- 
face of  mature  to  old-age 
stage. 
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Continuous  Gullies 

The  continuous  gully  begins  with  many 
fingerlike  extensions  into  the  headwater  area. 
It  gains  depth  rapidly  in  the  downstream  direc- 
tion, and  maintains  approximately  this  depth  to 
the  gully  mouth.  Continuous  gullies  nearly  always 
form  systems  (stream  nets).  They  are  found  in 
different  vegetation  types,  but  are  prominent  in 
the  semiarid  and  arid  regions.  It  appears  that 
localized  or  regional  depletion  of  any  vegetation 
cover  can  lead  to  gully  formation  and  gully  stream 
nets,  if  other  factors  such  as  topography  and  soils 
are  conducive  to  gully  initiation.  Several  studies 
have  demonstrated,  however,  that  vegetation 
and  soil  type  predominantly  influence  the  mor- 
phology of  gullies. 

Schumm  (1960)  found  that,  in  western  chan- 
nels, the  type  of  material  in  banks  and  bottoms 
controls  the  cross-sectional  channel  shape.  When 
the  mechanical  analysis  of  the  soils  was  related 
to  the  width-depth  ratio  (upper  width  versus 
mean  depth),  linear  regression  indicated  that 
increases  in  the  ratio  conformed  with  the  increases 
of  the  average  percent  sand  in  the  measured  load. 
This  relationship  was  also  established  by  the  Soil 
Conservation  Service  at  Chickasha,  Oklahoma 
(unpublished  report).  On  Alkali  Creek,  where 
extensive  sampling  showed  no  significant  dif- 
ferences in  the  texture  of  the  soils,  meaningful 
correlations  between  the  width-depth  ratio  and 
thalweg  length  could  not  be  established  (Heede 
1970). 

Tuan  (1966)  reported,  in  a  critical  review  of 
literature  on  gullies  in  New  Mexico,  that  channels 
developed  in  a  semiarid  upland  environment  were 
of  moderate  depth,  and  cut  into  sandy  alluvium. 
Deep  trenches  were  rare.  The  influence  of  sand 
in  gully  bank  material  on  sediment  production 
was  shown  when  upland  gullies  were  studied  in 
the  loess  hills  of  Mississippi  (Miller  et  al.  1962). 
They  found  that  the  annual  volume  of  sediment 
produced  ranged  from  0.091  to  0.425  m^  per 
hectare  of  exposed  gully  surface.  The  lower  rate 
was  associated  with  an  average  6-m  vertical  gully 
wall  having  a  low  percentage  of  uncemented 
sand,  while  the  higher  rate  was  found  in  gullies 
with  12  m  vertical  walls  and  a  high  percentage 
of  uncemented  sand.  As  illustrated  by  gully  ero- 
sion on  the  Alkali  Creek  watershed,  sediment 
production  may  also  be  related  to  the  chemical 
composition  of  the  soils  (Heede  1971). 

That  vegetation  surrounding  a  gully  may 
exert  stronger  influences  on  the  channel  mor- 
phology than  the  soils  was  shown  for  small 
streams  in  northern  Vermont  (Zimmerman  et  al. 
1967),  and  also  for  a  large  gully  in  CaUfornia 
(Orme  and  Bailey   1971).  The  California  gully 


occupied  a  354-ha  watershed  in  the  San  Gabriel 
Mountains.  In  an  experiment  to  increase  water 
yield,  the  riparian  woodland  was  removed  and 
replaced  by  grasses.  Two  years  later,  a  wildfire 
destroyed  all  vegetation  on  the  watershed,  and 
57  ha  of  side  slopes  (16  percent  of  total  area)  were 
seeded  to  grass.  The  vegetative  conversion  was 
maintained  by  aerial  sprays  with  selective  herbi- 
cides. When  high-intensity  storms  hit  the  water- 
shed 6  and  9  years  after  conversion,  stream  dis- 
charge rates  and  sediment  loads  increased  to 
previously  unknown  magnitudes.  Changes  in 
longitudinal  profile  and  channel  cross  sections 
were  spectacular.  The  gully  "survived"  as  a  relict 
feature  partially  clogged  with  storm  debris,  but 
had  not  regained  its  hydraulic  efficiency  by 
mid-1971. 

In  the  Vermont  streams,  encroachment  and 
disturbance  by  vegetation  eliminated  the  geo- 
morphic  effect  of  channel  width  increase  in  the 
downstream  direction,  a  normal  stream  behavior. 
In  contrast,  on  the  Alkali  Creek  watershed  where 
gullies  did  not  experience  severe  encroachment 
or  disturbance  by  the  sagebrush-grass  cover,  this 
geomorphic  effect  was  ehminated  by  local  rock 
outcrops  and  soils  with  low  permeability  due  to 
high  sodium  (Heede  1970). 

To  establish  gully  morphology  and  possible 
stages  of  gully  development,  Heede  (1974)  ana- 
lyzed the  hydraulic  geometry  of  17  AlkaH  Creek 
gullies.  Stream  order  analysis  showed  that  67  per- 
cent of  the  area  of  a  fourth-order  basin  was  drained 
by  first-order  streams.  This  is  contrasted  to  1  per- 
cent, the  average  for  similar  river  basins  in  the 
United  States  (Leopold  et  al.  1964).  Since  the 
Alkali  Creek  gully  system  is  still  in  the  process 
of  enlargement  toward  headwaters,  the  drainage 
area  of  the  first-order  streams  will  decrease  with 
time.  The  longitudinal  profiles  of  the  guUies 
exhibited  weak  concavities,  and  it  was  argued 
that  concavity  would  increase  with  future  gully 
development. 

The  shape  factor  of  the  gullies,  relating  maxi- 
mum to  mean  depth  and  expressing  channel 
shape,  had  relatively  high  values  (average  2.0). 
These  values  represent  cross  sections  with  large 
wetted  perimeters  that  in  turn  indicate  hydraulic 
inefficiency  of  the  gullies. 

The  tested  hydraulic  parameters— drainage 
net,  profile,  and  shape  factor— were  interpreted 
as  indicating  juvenile  stages  of  gully  develop- 
ment (termed  youthful  and  early  mature).  Thus 
it  can  be  argued  that  gully  development  should 
be  recognized  in  terms  of  landform  evolution, 
proceeding  from  young  to  old  age  stages.  If  stages 
of  development  could  be  expressed  in  terms  of 
erosion  rates  and  sediment  yields,  a  useful  tool 
would  be  provided  for  the  watershed  manager. 


When  the  hydraulic  geometry  of  the  gullies 
was  compared  with  that  of  rivers,  it  was  sug- 
gested that  the  mature  gully  stage  should  be 
characterized  by  dynamic  equilibrium.  The  condi- 
tion of  dynamic  equilibrium  does  not  represent  a 
true  balance  between  the  opposing  forces,  but 
includes  the  capability  to  adjust  to  changes  in 
short  timespans,  and  thus  regain  equiUbirum 
(Heede  1975b).  Although  some  gulhes  of  the 
Alkali  Creek  watershed  approached  this  condi- 
tion, it  must  be  realized  that  in  ephemeral  gullies, 
a  mature  stage  may  not  be  defined  by  stream 
equilibrium  alone,  but  may  include  other  aspects 
of  stabiUty  such  as  channel  vegetation.  Invasion 
of  vegetation  into  the  gully  is  stimulated  during 
dry  channel  periods. 

During  the  youthful  stage,  gully  processes 
proceed  toward  the  attainment  of  dynamic  equi- 
Ubrium,  while  in  the  old  age  stage,  a  gully  loses 
the  characteristics  for  which  it  is  named,  and 
resembles  a  river  or  "normal"  stream.  GuUy 
development  may  not  end  with  old  age,  however. 
Environmental  changes  such  as  induced  by  new 
land  use  (Nir  and  Klein  1974)  and  climatic  fluc- 
tuation or  uplift,  may  lead  to  rejuvenation,  throw- 
ing the  gully  back  into  the  youthful  stage. 

The  condition  of  steady  state,  representing 
true  equilibrium,  is  a  theoretical  one  and  can 
hardly  be  conceived  to  apply  to  gully  systems, 
with  the  possible  exception  of  very  short  time- 
spans.  Schumm  and  Lichty  (1965)  expressed  a 
similar  view  when  they  stated  that  only  certain 
components  of  a  drainage  basin  may  be  in  steady 
state. 

We  must  also  recognize  that  gully  develop- 
ment is  not  necessarily  an  "orderly"  process, 
proceeding  from  one  condition  to  the  next  "ad- 
vanced" one.  Erosion  processes  accelerate  at 
certain  times,  and  at  others  apparently  stand 
still.  For  example,  Harris  (1959)  established  four 
epicycles  of  erosion  during  the  last  8,000  years 
for  Boxelder  Creek  in  northern  Colorado.  During 
the  interims,  the  stream  was  in  dynamic  equi- 
librium most  of  the  time.  In  a  case  study  on 
ephemeral  guUies,  it  was  demonstrated  that  flows 
alter  the  channel,  at  times  leaving  a  more  stable, 
;  at  others  a  very  unstable,  condition  (Heede  1967). 
!  The  latter  internal  condition  leads  to  the  well- 
known  explosive  behavior  of  geomorphic  systems 
(Thornes  1974).  External  events,  however,  such 
as  flooding  in  natural  streams,  may  also  lead  to 
rapid,  drastic  changes  (Schumm  and  Lichty  1963). 


Growth  Models 

'        At  present,  no  physical  formula  or  model  is 
available  that  describes  the  advancement  of  gul- 


lies, although  several  statistical  models  have 
been  devised.  In  the  badlands  of  southern  Israel, 
which  are  severely  dissected  by  guUies,  field  data 
were  statistically  analyzed  and  a  simple  model 
for  gully  advance  estabhshed  (Seginer  1966). 
Seginer  tested  three  geometric  parameters  of  the 
watershed  that  can  easily  be  measured:  water- 
shed area,  length  of  watershed  along  the  m£un 
depression,  and  maximum  elevation  difference  in 
the  watershed.  Of  course,  these  parameters  are 
interrelated.  Regression  analyses  for  several 
combinations  indicated  that  watershed  area  was 
the  most  important  single  factor  explaining  the 
deviations  about  the  mean;  additional  factors  did 
not  supply  more  information. 

The  prediction  equation  derived  was  as  fol- 
lows: 

E  =  CA"-*"  (3) 

where  E  is  the  advancement  rate  of  the  gully 
headcut,  A  is  the  watershed  area  draining  into 
the  headcut,  and  Ci  is  a  constant  that  varies  from 
watershed  to  watershed. 

It  is  obvious  that  a  simpUfied  approach  to 
the  quantification  of  gully  processes,  such  as 
described  above,  at  best  presents  empirical  rela- 
tionships valid  for  a  given  watershed  at  a  given 
point  in  time.  Assumptions  of  uniform  distribu- 
tion of  rainfall  (expressed  by  watershed  area), 
uniform  geology,  soils,  and  vegetation,  unchanged 
land  uses,  to  name  just  a  few,  do  not  permit  for- 
mulation of  meaningful  predictions. 

The  Limitation  of  prediction  equations  based 
on  statistical  relations  of  a  few  selected  parameters 
and  factors  was  also  illustrated  by  other  studies. 
Thompson  (1964)  investigated  the  quantitative 
effect  of  independent  watershed  variables  on  rate 
of  gully-head  advancement.  Variables  were:  drain- 
age area  above  the  gully  head,  slope  of  approach 
channel  above  the  gully  head,  summation  of  rain- 
fall from  24-hour  rains  equal  to  or  greater  than 
13  mm,  and  a  soil  factor— the  approximate  clay 
content  (0.005  mm  or  smaller)  of  the  soil  profile 
through  which  the  head  cut  is  advancing.  Regres- 
sion analysis  showed  that  77  percent  of  the  var- 
iance was  explained  by  the  four  variables.  The 
t-test  indicated  that  only  drainage  area,  precipita- 
tion, and  soils  were  highly  significant  in  the 
regression  equation  at  the  5  percent  level  to 
express  the  rate  of  headcut  advancement.  An 
R^  value  of  0.77  appears  to  signify  an  efficient 
relationship,  yet  about  one-fourth  of  the  variance 
is  due  to  other,  not  measured  variables.  This 
unexplained  fourth  wiU  prohibit  the  use  of  the 
prediction  equation  for  most  projects. 

While  Thompson  (1964)  chose  the  linear  ad- 
vancement of  gully  headcuts.  Beer  and  Johnson 
(1963)  selected  the  changes  in  gully  surface  area 


as  the  dependent  variable.  In  addition  to  the 
independent  variables  used  in  the  1964  study, 
Beer  and  Johnson  included  an  estimate  of  an 
index  of  surface  runoff.  The  results  showed  that 
the  gullying  process  was  best  represented  by  a 
logarithmic  model,  as  contrasted  with  Thompson's 
linear  model.  All  variables  were  evaluated  from 
the  past  growth  of  the  gullies.  No  controlled 
studies  of  the  individual  components  responsible 
for  the  gullying  process  have  been  made. 

The  above-mentioned  statistical  investiga- 
tions threw  light  on  the  important  variables  in 
gully  growth,  and  thus  added  to  our  understand- 
ing of  gullying.  But  quantification  and  prediction 
of  growth  still  lack  precision  because  past  rates 
of  gullying  do  not  necessarily  indicate  future 
rates.  Stages  can  be  recognized  in  the  develop- 
ment of  gullies,  and  erosion  and  sediment  produc- 
tion change  between  the  stages  (Heede  1974). 
Gully  growth  predictions  without  recognition  of 
stage  development  may  not  be  meaningful. 

A  deterministic  growth  model  for  gullies  was 
proposed  based  on  investigations  in  the  badlands 
of  S.E.  Alberta,  Canada,  where  climate,  lithology, 
and  total  available  rehef  are  uniform  (Faulkner 
1974).  Vegetation  is  practically  absent.  The  con- 
straints on  the  model  are  quite  drastic  in  view  of 
the  variability  of  environments  supporting  gully 
systems.  The  model  is  an  extension  of  Wolden- 
berg's  (1966)  gradient  derived  from  the  allometric 
growth  law  (Huxley  1954),  defined  as 
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x  =  c,y 


(4) 


where  x  is  the  size  of  an  organ,  y  represents  the 
size  of  the  organism  to  which  the  organ  belongs, 
and  c,  and  d'  are  constants. 

Usually,  nonuniformity  of  environmental  fac- 
tors such  as  soils  and  vegetation  is  the  rule.  The 
intermittent  flow  of  ephemeral  gullies  adds  an- 
other formidable  task  in  making  the  present  law 
sufficiently  flexible  to  take  care  of  the  numerous 
field  combinations.  For  most  situations,  the 
present  model  will  therefore  not  yield  results 
useful  to  the  land  manager. 

The  above  compendium  illustrates  that  our 
knowledge  on  gully  mechanics  and  processes  is 
limited.  As  we  will  recognize  in  the  following 
chapters,  art  and  judgment  are  still  required  in 
many  phases  of  gully  control. 


OBJECTIVES  IN  GULLY  CONTROL 

Main  Processes  of  Gully  Erosion 
As  Related  To  Control 

The  mechanics  of  gully  erosion  can  be  reduced 
to  two  main  processes:  downcutting  and  head- 


cutting.  Downcutting  of  the  gully  bottom  leads 
to  gully  deepening  and  widening.  Headcutting 
extends  the  channel  into  ungulUed  headwater 
areas,  and  increases  the  stream  net  and  its  den- 
sity by  developing  tributaries.  Thus,  effective 
gully  control  must  stabilize  both  the  channel 
gradient  and  channel  headcuts. 


Long-Term  Objective  of  Controls — 
Vegetation 

In  gully  control,  it  is  of  benefit  to  recognize 
long-  and  short-term  objectives  because  often  it 
is  very  difficult  or  impossible  to  reach  the  long- 
term  goal— vegetation— directly;  gully  conditions 
must  be  altered  first.  Required  alterations  are  the 
immediate  objectives. 

Where  an  effective  vegetation  cover  will 
grow,  gradients  may  be  controlled  by  the  estab- 
lishment of  plants  without  supplemental  mechan- 
ical measures.  Only  rarely  can  vegetation  alone 
stabilize  headcuts,  however,  because  of  the  con- 
centrated forces  of  flow  at  these  locations.  The 
most  effective  cover  in  gillies  is  characterized 
by  great  plant  density,  deep  and  dense  root  sys- 
tems, and  low  plant  height.  Long,  flexible  plants, 
on  the  other  hand,  such  as  certain  tall  grasses, 
lie  down  on  the  gully  bottom  under  impact  of 
flow.  They  provide  a  smooth  interface  between 
flow  and  original  bed,  and  may  substantially 
increase  flow  velocities.  These  higher  velocities 
may  endanger  meandering  gully  banks  and,  in 
spite  of  bottom  protection,  widen  the  gully.  Trees, 
especially  if  grown  beyond  sapling  stage,  may 
restrict  the  flow  and  cause  diversion  against  the 
bank.  Where  such  restrictions  are  concentrated, 
the  flows  may  leave  the  gully.  This  is  very  un- 
desirable because,  in  many  cases,  new  g^lhes 
develop  and  new  headcuts  form  where  the  flow 
reenters  the  original  channel. 


Engineers'  Measures— An  Aid 
to  Vegetation  Recovery 

If  growing  conditions  do  not  permit  the  direct 
establishment  of  vegetation  (due  to  climatic  or 
site  restrictions,  or  to  severity  of  gully  erosion) 
engineering  measures  will  be  required.  These 
measures  are  nearly  always  required  at  the  critical 
locations  where  channel  changes  invariably  take 
place.  Examples  are  nickpoints  on  the  gully  bed, 
headcuts,  and  gully  reaches  close  to  the  gully 
mouth  where  deepening,  widening,  and  deposi- 
tion alternate  frequently  with  different  flows 
(see  fig.  2 ).  Nickpoints  signify  longitudinal  gradi- 
ent changes;  a  gentler  gradient  is  being  extended 
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toward  headwaters  by  headcutting  on  the  bed 
(fig.  8).  Normally,  critical  locations  are  easily 
definable  since  the  active  stage  of  erosion  at  these 
sites  leaves  bed  and  banks  in  a  raw,  disturbed 
condition. 

The  designer  must  keep  in  mind  that  well- 
established  vegetation  perpetuates  itself  and 
thus  represents  a  permanent  type  of  control.  In 
contrast,  engineering  measures  always  require 
some  degree  of  maintenance.  Because  mainte- 
nance costs  time  and  money,  projects  should  be 
planned  so  that  maintenance  is  not  required 
indefinitely. 

An  effective  engineering  design  must  help 
establish  and  rehabiUtate  vegetation.  Revegeta- 
tion  of  a  site  can  be  aided  in  different  ways.  If  the 
gully  gradient  is  stabilized,  vegetation  can  be- 


Figure  8.— The  nickpoint,  located 
on  the  gully  bottom  and  indi- 
cated by  a  survey  rod,  has  a 
depth  of  about  0.5  m.  Al- 
though this  gully  appears  to 
be  stabilized  by  the  invasion 
of  vegetation,  rejuvenation 
must  be  expected  by  the  up- 
stream advance  of  the  nick- 
point.  The  root  systems  will 
be  undercut  and  gully  depth 
and  width  will  increase. 
Length  of  the  rod  is  1.7  m. 


Figure  9.— The  bank  of  Main  gully, 
Alkali  Creek  watershed,  12 
years  after  installation  of 
check  dams.  Stabilization  of 
the  gully  bottom  made  pos- 
sible the  invasion  of  dense 
vegetation  that  now  is  creep- 
ing up  the  bank.  The  man 
stands  at  the  toe  of  the  bank. 


come  established  on  the  bed.  Stabilized  gully 
bottoms  will  make  possible  the  stabihzation  of 
banks,  since  the  toe  of  the  gully  side  slopes  is  at 
rest  (fig.  9).  This  process  can  be  speeded  up 
mechanically  by  sloughing  guUy  banks  where 
steep  banks  would  prevent  vegetation  estabUsh- 
ment.  Banks  should  be  sloughed  only  after  the 
bottom  is  stable,  however. 

Vegetation  rehabilitation  is  also  speeded  if 
large  and  deep  deposits  of  sediment  accumulate 
in  the  gully  above  engineering  works.  Such  allu- 
vial deposits  make  excellent  aquifers,  increase 
channel  storage  capacity,  decrease  channel  gradi- 
ents, and  thus,  decrease  peak  flows.  Channel 
deposits  may  also  raise  the  water  table  on  the 
land  outside  the  gully.  They  may  reactivate 
dried-up    springs,    or    may    convert    ephemeral 
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springs  to  perennial  flow.  All  these  results  create 
conditions  much  more  favorable  to  plant  growth 
than  those  existing  before  control. 


Watershed  Restoration  Aids 
Gully  Control  Measures 

Measures  taken  outside  the  channel  can  also 
aid  revegetation  processes  in  the  gully.  Improve- 
ments on  the  watershed  that  (1)  increase  infiltra- 
tion and  decrease  overland  flow,  and  (2)  spread 
instead  of  concentrate  this  flow,  will  benefit  gully 
healing  processes.  A  study  on  sediment  control 
measures  showed  that  sediment  yields  were 
reduced  25  to  60  percent  by  land  treatment  and 
land  use  adjustments,  as  surveyed  at  15-  to  20- 
year-old  flood-water-retarding  structures  in  the 
southern  Great  Plains  (Renfro  1972).  But  when 
combined  land  treatment  and  structural  measures 
were  applied,  sediment  yields  were  reduced  60  to 
75  percent. 

Normally,  however,  gully  improvements  can 
be  attained  quicker  within  the  gully  than  outside, 
because  of  concentration  of  treatment  and  avail- 
ability of  higher  soil  moisture  in  the  defined 
channel. 

Many  types  of  watershed  restoration  mea- 
sures have  been  devised,  and  the  literature  on 
the  subject  is  abundant:  Poncet  (1965)  described 
an  integrated  approach  to  erosion  control  on  the 
watershed  and  in  gullies;  Copeland  (1960)  pre- 
sented a  photo-record  of  watershed  slope  stabili- 
zation in  the  Wasatch  Mountains  of  Utah;  and 
Bailey  and  Copeland  (1961)  analyzed  the  behavior 
of  slope  stabilization  structures. 

Since  watershed  restoration  measures  are 
only  supplemental  to  gully  control,  some  examples 
will  suffice  here:  seeding  and  planting  with  and 
without  land  preparation  and  fertilization;  vege- 
tation cover  conversions;  and  engineering  works 
such  as  reservoirs,  water  diversions,  benches, 
terraces,  trenches,  and  furrows. 


Immediate  Objectives  of  Control 

Different  types  of  measures  benefit  plants 
in  different  ways.  It  is  therefore  important  to 
clarify  the  type  of  help  vegetation  estabHshment 
requires  most.  Questions  should  be  answered 
such  as:  Is  the  present  moisture  regime  of  the 
gully  bottom  sufficient  to  support  plants,  or 
should  the  bottom  be  raised  to  increase  moisture 
availability?  One  must  recognize  that  a  contin- 
uous, even  raising  of  the  bottom  is  not  possible. 
Due  to  the  processes  of  sedimentation  above 


check  dams,  deposits  have  a  wedge-shaped  cross 
section  if  plotted  along  the  thalweg. 

The  immediate  objectives  of  a  gully  treat- 
ment must  consider  other  aspects  in  addition  to 
plant  cover.  Usually,  these  considerations  involve 
hydraulics,  sedimentation,  soils,  and  sometimes 
the  logistics  required  for  the  management  of  the 
watershed.  For  instance,  management  may  call 
for  deposits  of  maximum  possible  depth  at  stra- 
tegic locations  to  provide  shallow  gully  crossings. 
Thus,  if  sediment  catch  is  a  desirable  objective, 
large  dams  should  be  built.  But  if  esthetic  con- 
siderations make  check  dams  undesirable  (and 
watershed  logistics  and  revegetation  offer  no 
problems),  the  gully  bottom  may  be  stabilized 
with  dams  submerged  into  the  bed,  and  thus 
invisible  to  the  casual  observer. 

These  examples  illustrate  how  important  it 
is  to  clarify  the  immediate  and  overall  objectives 
of  a  planned  treatment  before  deciding  on  ap- 
proaches and  measures.  The  objectives  determine 
the  measures;  the  measures,  the  type  of  result. 


GULLY  CONTROL  STRUCTURES 
AND  SYSTEMS 

Types  of  Porous  Check  Dams 

The  most  commonly  applied  engineering 
measure  is  the  check  dam.  Forces  acting  on  a 
check  dam  depend  on  design  and  type  of  con- 
struction material.  Nonporous  dams  with  no 
weep  holes,  such  as  those  built  from  concrete 
(Poncet  1963,  Heede  1965b,  Kronfellner-Kraus 
1971),  sheet  steel,  wet  masonry,  and  fiberglass, 
receive  a  strong  impact  from  the  dynamic  and 
hydrostatic  forces  of  the  flow  (fig.  10).  These 
forces  require  strong  anchoring  of  the  dam  into 
the  gully  banks,  to  which  most  of  the  pressure 
is  transmitted.  In  contrast,  porous  dams  release 
part  of  the  flow  through  the  structure,  and  thereby 
decrease  the  head  of  flow  over  the  spillway  and 
the  dynamic  and  hydrostatic  forces  against  the 
dam  (fig.  11).  Much  less  pressure  is  received  at 
the  banks  than  with  nonporous  dams.  Since  gullies 
generally  are  eroded  from  relatively  soft  soils,  it 
is  easier  to  design  effective  porous  check  dams 
than  nonporous  ones.  Once  the  catch  basin  of 
either  porous  or  nonporous  dams  is  filled  by  sedi- 
ment deposits,  however,  structural  stability  is 
less  critical  because  the  dam  crest  has  become  a 
new  level  of  the  upstream  gully  floor. 

Loose  rock  can  be  used  in  different  types  of 
check  dams.  Dams  may  be  built  of  loose  rock 
only,  or  the  rock  may  be  reinforced  by  wire  mesh, 
steel  posts,  or  other  materials.  The  reinforce- 
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Figure  10.— This  prefabricated, 
prestressed  concrete  check 
dam  accumulated  sediment 
readily  because  the  structure 
is  not  porous.  At  the  same 
time,  dynamic  and  hydro- 
static forces  of  the  flow  on 
the  dam  are  much  stronger 
than  those  at  a  porous  rock 
check  dam.  The  discharge 
over  the  spillway  of  this  struc- 
ture, installed  on  the  Alkali 
Creek  watershed,  is  about 
0.4  mVs. 


Figure  11.— As  contrasted  to  im- 
pervious dams,  rock  check 
dams  such  as  this  double- 
fence  structure  release  much 
of  the  flow,  and  hence  hydro- 
static pressure,  through  the 
structure. 


ments  may  influence  rock  size  requirements.  If 
wire  mesh  with  small  openings  is  used,  rocks  may 
be  smaller  than  otherwise  required  by  the  design 
flow. 

Some  different  types  of  check  dams  will  be 
described,  but  the  field  of  check  dam  design  is 
iwide  open.  Many  variations  are  possible.  The 
! torrent-control  engineers  of  Europe  have  been 
(especially  successful  with  filter  or  open  dams. 
JMost  of  their  designs  are  for  large  torrents  where 
stresses  on  the  structures  are  much  greater  than 
those  in  gullies,  generally.  Clauzel  and  Poncet 
K1963)  developed  a  concrete  dam  whose  spillway 
is  a  concrete  chute  with  a  steel  grid  as  the  chute 
bottom.  This  grid  acts  as  a  filter  for  the  bedload. 
periodic  cleaning  of  the  dam  is  required,  however. 


Other  types  of  filter  dams  have  vertical  grids, 
or  grids  installed  at  an  angle  to  the  vertical.  Such 
dams  are  described  by  Puglisi  (1967),  Kronfellner- 
Kraus  (1970),  and  Fattorelli  (1971). 

All  the  torrent  control  dams  are  quite  sophis- 
ticated, and  thus  costly.  Such  high  costs  are 
often  justified  in  Europe,  however,  since  popula- 
tion densities  require  the  most  effective  and  last- 
ing control  measures.  These  qualities  are  esp)eci£dly 
important  if  the  basic  geologic  instability  of  the 
alpine  torrents  is  considered.  In  contrast,  most 
gullies  in  the  western  United  States  are  caused 
by  soil  failure,  and  life  and  high-cost  property 
are  not  usually  endangered.  Simpler,  low-cost 
structures  will  therefore  be  preferable.  Some  of 
the  most  effective  and  inexpensive  dams  are  built 


13 


mainly  from  loose  rock.  They  will,  therefore,  be 
emphasized  in  the  descriptions  that  follow. 


Loose  Rock 

The  basic  design  of  a  loose-rock  check  dam 
is  illustrated  in  figure  12.  If  facilities  are  not 
available  to  use  the  computer  program  developed 
by  Heede  and  Mufich  (1974),  volumes  of  excava- 
tion and  of  rocks  required  in  the  construction 
can  be  calculated  from  the  drawings.  Rock  vol- 
umes can  also  be  obtained  from  an  equation  dis- 
cussed in  the  section  on  Equations  for  Volume 
Calculations.  In  a  Colorado  project,  the  drawings 
also  served  well  in  the  field  as  construction  plans 
(Heede  1966). 

Since  loose-rock  dams  are  not  reinforced, 
the  angle  of  rest  of  the  rock  should  determine 
the  slopes  of  the  dam  sides.  This  angle  depends 
on  the  type  of  rock,  the  weight,  size,  and  shape 
of  the  individual  rocks,  and  their  size  distribution. 
If  the  dam  sides  are  constructed  at  an  angle 
steeper  than  that  of  rest,  the  structure  will  be 
unstable  and  may  lose  its  shape  during  the  first 
heavy  runoff.  For  the  design  of  check  dams,  the 
following  rule  of  thumb  can  be  used:  the  angle  of 
rest  for  angular  rock  corresponds  to  a  slope  ratio 
of  1.25  to  1.00;  for  round  rock,  1.50  to  1.00.  Fig- 
ure 13  illustrates  a  dam  built  from  angular  loose 
rock. 


Wire-Bound  Loose  Rock 

A  wire-bound  check  dam  is  identical  in  shape 
to  that  of  a  loose-rock  dam,  but  the  loose  rock  is 
enclosed  in  wire  mesh  to  reinforce  the  structure. 
The  flexibility  within  the  wire  mesh  is  sufficient 


to  permit  adjustments  in  the  structural  shape,  if 
the  dam  sides  are  not  initially  sloped  to  the  angle 
of  rest.  Therefore,  the  same  rock  design  criteria 
are  required  for  a  wire-bound  dam  as  for  a  loose- 
rock  structure. 

The  wire  mesh  should:  (1)  be  resistant  to  cor- 
rosion, (2)  be  of  sufficient  strength  to  withstand 
the  pressure  exerted  by  flow  and  rocks,  and 
(3)  have  openings  not  larger  than  the  average 
rock  size  in  the  dam.  Wire  mesh  may  not  be  effec- 
tive in  boulder-strewn  gullies  supporting  flows 
with  heavy,  coarse  loads. 


Single  Fence 

Single- fence  rock  check  dams  (figs.  14,  15) 
differ  greatly  in  shape  and  requirements  of  con- 
struction materials  from  the  loose-rock  and  wire- 
bound  dams.  These  structures  consist  of  (1)  a 
wire-mesh  fence,  fastened  to  steel  fenceposts  and 
strung  at  right  angles  across  the  gully,  and  (2)  a 
loose-rock  fill,  piled  from  upstream  against  the 
fence.  The  rock  fill  can  be  constructed  at  an  angle 
steeper  than  that  of  rest  for  two  reasons: 

1.  The  impact  of  flows  will  tend  to  push  the 
individual  rock  into  the  fill  and  against  the  dam. 

2.  Sediment  deposits  will  add  stabihty  to  the 
fill  and  will  eventually  cover  it. 

The  design  of  this  type  of  check  dam  should  i 
emphasize  specifications  for  the  wire  mesh,  andl 
the  setting,  spacing,  and  securing  of  the  steel ' 
fenceposts.  The  wire  mesh  specifications  will  be 
the  same  as  those  for  the  wire-bound  dams. 

The  steel  fenceposts  should  be  sufficiently 
strong  to  resist  the  pressure  of  the  rock  fill  and  i 
the  flows,  and  must  be  driven  into  the  gully  bot- 


Figure      12.— Construction 

plans  for  a  loose-rock 

check  dam. 

A,  Section  of  the  dam 
parallel  to  the  cen- 
terline  of  the  gully. 

fi,  Section  of  the  dam 
at  the  cross  section 
of  the  gully,  a  =  orig- 
inal gully  bottom;  b 
=  original  gully  cross 
section;  c  =  spill- 
way; d  =  crest  of 
freeboard;  e  =  exca- 
vation for  apron;  g 
=  end  sill. 
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Figure  13.— Upstream  view  of  a 
loose-rock  check  dam.  The 
catchment  basin  filled  with 
sediment  during  the  first 
spring  runoff  after  construc- 
tion. Rod  is  1.7  m  high. 
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Figure  14.— Construction  plans 

for    a    single-fence    rock 

check  dam. 

A,  Section  of  the  dam 
parallel  to  the  center- 
lineof  the  gully. 

6,  Section  of  the  dam  at 
the  cross  section  of  the 
gully,  a  =  original  gully 
bottom;  b  =  original 
gully  cross  section;  c 
=  spillway;  d  =  crest 
of  freeboard;  e  =  exca- 
vation for  key;  f  =  ex- 
cavation for  apron;  g  = 
end  sill;  h  -  steel 
fencepost;  k  =  guys; 
j  =  rebar,  13  mm  in 
diameter. 


Figure  15.— View  across  a  single- 
fence  dam.  Apron  and  gully 
bank  protection  are  to  the 
left  of  the  dam  crest. 


torn  and  side  slopes  to  a  depth  that  insures  their 
stability  in  saturated  soil.  If  it  is  impractical  to 
drive  posts  to  sufficient  depths,  the  stability  of 
the  posts  should  be  enhanced  by  guys.  These 
guys  should  be  anchored  to  other  posts  that  will 
be  covered  and  thus  held  in  place  by  the  rock  fill. 
In  general,  spacing  between  the  fenceposts 
should  not  be  more  than  1.2  m  to  prevent  exces- 
sive pouching  (stretching)  of  the  wire  mesh.  Where 
conditions  do  not  allow  this  spacing,  a  maximum 
of  1.5  m  can  be  used  but  the  fence  must  be  rein- 
forced by  steel  posts  fastened  horizontally  be- 
tween the  vertical  posts.  Excessive  pouching  of 
the  wire  mesh  reduces  the  structural  height  and 
impairs  the  stability  of  the  dam. 


Double  Fence 

The  double-fence  rock  check  dam  has  two 
wire  mesh  fences,  strung  at  a  distance  from  each 
other  across  the  channel  (fig.  16).  In  this  type  of 
dam,  a  well-graded  supply  of  rocks  is  essential, 
otherwise  the  relative  thinness  of  the  structure 
would  permit  rapid  throughflow,  resulting  in 
water  jets.  Double-fence  dams  should  only  be 
built  if  an  effective  rock  gradation  can  be  obtained. 

In  Colorado,  parallel  fences  were  spaced 
0.6  m  (Heede  1966).  Peak  flows  did  not  exceed 
0.7  m^/s,  and  loads  consisted  mainly  of  finer 
material.  Dams  were  no  taller  than  1.8  m  (fig.  17). 
At  many  dam  sites,   maintenance  and  repairs 
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Figure  16.— Construction 
plans  for  a  double- 
fence  rock  check 
dam. 

A,  Section  of  the  dam 
parallel  to  the 
centerline  of  the 
gully. 
S,  Section  of  the  dam 
at  the  cross  sec- 
tion of  the  gully. 
a  =  original  gully 
bottom;  b  ~  orig- 
inal gully  cross 
section;  c  =  spill- 
way; d  =  crest  of 
freeboard;  e  =  ex- 
cavation for  key; 
f  =  excavation 
for  apron;  g  =  end 
sill;  h  =  steel 
fencepost;  i  =  re- 
bar,  13  mm  in 
diameter. 


Figure  17.— Upstream  view  of  a 
double-fence  dam.  Note  the 
bank  protection  work.  The 
apron  is  covered  by  water. 
Length  of  rod  is  1.7  m. 
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were  required  because  excessive  water  jetting 
through  the  structures  caused  bank  damage.  The 
percentage  of  small  rock  sizes  was  too  low. 

When  flows  of  large  magnitude,  say  2  m  Vs,  or 
gulUes  on  steep  hillsides  are  encountered,  the 
base  of  the  double-fence  dam  should  be  wider 
than  the  crest.  This  will  add  structural  stability 
and  increase  the  length  of  the  flow  through  the 
lower  part  of  the  dam. 


Gabion 

A  gabion  check  dam  consists  of  prefabricated 
wire  cages  that  are  filled  with  loose  rock.  Indi- 
vidual cages  are  placed  beside  and  onto  each 
other  to  obtain  the  dam  shape.  Normally,  this 
dam  is  more  esthetically  pleasing,  but  it  is  more 
costly  than  loose-rock  or  wire-bound  rock  check 
dams. 


Headcut  Control 

Headcuts  can  be  stabilized  by  different  types 
of  structures,  but  all  have  two  important  require- 
ments: (1)  porosity  in  order  to  avoid  excessive 
pressures  and  thus  eUminate  the  need  for  large, 
heavy  structural  foundations;  and  (2)  some  type 


of  inverted  filter  that  leads  the  seepage  gradually 
from  smaller  to  the  larger  openings  in  the  struc- 
ture. Otherwise,  the  soils  will  be  carried  through 
the  control,  resulting  in  erosion.  An  inverted 
filter  can  be  obtained  if  the  headcut  wall  is 
sloughed  to  such  an  angle  that  material  can  be 
placed  in  layers  of  increasing  particle  size,  from 
fine  to  coarse  sand  and  on  to  fine  and  coarse 
gravel.  Good  results  may  also  be  obtained  by  use 
of  erosion  cloth,  a  plastic  sheet  available  in  two 
degrees  of  porosity. 

If  rock  walls  reinforced  by  wire  mesh  and 
Steel  posts  are  used,  site  preparation  can  be  mini- 
mized. Loose  rock  can  be  an  effective  headcut 
control  (Heede  1966)  if  the  flow  through  the  struc- 
ture is  controlled  also.  As  in  loose-rock  check 
dams,  the  size,  shape,  and  size  distribution  of 
the  rock  are  of  special  importance  to  the  success 
of  the  structure.  The  wall  of  the  headcut  must  be 
sloped  back  so  the  rock  can  be  placed  against  it. 

If  the  toe  of  the  rock  fill  should  be  eroded 
away,  the  fill  would  be  lost.  Therefore,  stabiliza- 
tion of  this  toe  must  be  emphasized  in  the  design. 
A  loose-rock  dam  can  be  designed  to  dissipate 
energy  from  the  chuting  flows,  and  to  catch  sedi- 
ment (fig.  18).  Sediment  depositions  will  further 
stabilize  the  toe  of  the  rock  fill  by  encouraging 
vegetation  during  periods  with  no  or  low  channel 
flow. 
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[Figure  18.— Construction  plan  for  a  gully  headcut  control  with  a  loose-rock  check  dann.  The  section  of  the  structure 
is  parallel  to  the  centerline  of  the  gully,  a  =  original  gully  bottom;  b  =  excavated  area  of  headcut  wall; 
c  =  spillway;  d  =  crest  of  freeboard;  e  =  excavation  for  key;  f  =  excavation  for  apron;  g  =  end  sill;  h  = 
rock  fill. 
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General  Design  Criteria 


Loose  Rock 


Loose  rock  has  proved  to  be  a  very  suitable 
construction  material  if  used  correctly.  Often  it 
is  found  on  the  land  and  thus  eliminates  expen- 
ditures for  long  hauls.  Machine  and/or  hand  labor 
may  be  used.  The  quality,  shape,  size,  and  size 
distribution  of  the  rock  used  in  construction  of  a 
check  dam  affect  the  success  and  lifespan  of  the 
structure. 

Obviously,  rock  that  disintegrates  rapidly 
when  exposed  to  water  and  atmosphere  will  have 
a  short  structural  Ufe.  Further,  if  only  small  rocks 
are  used  in  a  dam,  they  may  be  moved  by  the 
impact  of  the  first  large  water  flow,  and  the  dam 
quickly  destroyed.  In  contrast,  a  check  dam  con- 
structed of  only  large  rocks  that  leave  large  voids 
in  the  structure  will  offer  resistance  to  the  flow, 
but  may  create  water  jets  through  the  voids 
(fig.  19).  These  jets  can  be  highly  destructive  if 
directed  toward  openings  in  the  bank  protection 
work  or  other  unprotected  parts  of  the  channel. 
Large  voids  in  check  dams  also  prevent  the  ac- 
cumulation of  sediment  above  the  structures. 
In  general,  this  accumulation  is  desirable  because 
it  increases  the  stability  of  structures  and  en- 
hances stabilization  of  the  gully. 

Large  voids  will  be  avoided  if  the  rock  is  well 
graded.  Well-graded  rock  will  permit  some  flow 
through  the  structure.  The  majority  of  the  rock 
should  be  large  enough  to  resist  the  flow. 

Since  required  size  and  gradation  of  rock 
depend  on  size  of  dam  and  magnitude  of  flow, 
strict  rules  for  effective  rock  gradation  cannot 


be  given.  The  recommendations  given  below  are 
empirical  values  derived  from  gully  treatments  in 
the  Colorado  Rocky  Mountains,  and  should  be 
evaluated  accordingly.  The  designer  should  use 
these  values  only  as  a  guide  for  his  decision. 

As  a  general  rule,  rock  diameters  should  not 
be  less  than  10  cm,  and  25  percent  of  all  rocks 
should  fall  into  the  10-  to  14-cm  size  class.  The 
upper  size  limit  will  be  determined  by  the  size  of 
the  dam;  large  dams  can  include  larger  rock  than 
small  ones.  Flat  and  round  rock,  such  as  river 
material,  should  be  avoided.  Both  types  slip  out 
of  a  structure  more  easily  than  broken  rocks, 
which  anchor  well  with  each  other. 

In  general,  large  design  peak  flows  will  re- 
quire larger  rock  sizes  than  small  flows.  As  an 
example,  assume  that  the  designed  total  dam 
height  ranges  between  1  and  2  m,  where  total 
height  is  measured  from  the  bottom  of  the  dam 
to  the  crest  of  the  freeboard.  Type  of  dam  is  loose 
rock  without  reinforcement.  Design  peak  flow  is 
estimated  not  to  exceed  1  m^/s.  An  effective  rock 
gradation  would  call  for  a  distribution  of  size 
classes  as  follows: 


Size 

Percent 

10-14  cm 

25 

15-19  cm 

20 

20-30  cm 

25 

31-45  cm 

30 

If,  on  the  other  hand,  dam  height  would  be  in- 
creased to  3  m,  rock  up  to  1  m  diameter,  con-j 
stituting   15  percent  of  the  volume,   could  be' 
placed  into  the  base  of  the  dam  and  the  second 
size  class  decreased  by  this  portion.  If  peak  flow 


Figure  19.— Because  this  double- 
fence  rock  check  dam  was 
built  with  an  insufficient  por- 
tion of  small  rocks,  many 
large  voids  allow  water  jets 
through  the  structure.  Note 
that  water  is  not  running 
over  the  spillway.  The  jets 
endanger  the  stability  of  the 
structural  keys  and  bank  pro- 
tection work. 
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was  estimated  not  to  exceed  0.75  m^/s,  the  31-  to 
45-cm  size  class  could  be  eliminated  and  55  per- 
cent of  the  volume  could  be  in  the  20-  to  30-cm 
class. 

In  ephemeral  gullies,  only  in  exceptional 
cases  will  meaningful  flow  information  be  avail- 
able that  permits  a  reaUstic  estimate  of  average 
velocities  at  the  dam  sites.  If  flow  information 
is  available,  an  equation  developed  by  Isbach  and 
quoted  by  Lehavsky  (1957)  may  be  used  to  check 
the  suitabihty  of  the  larger  sizes.  The  equation 
relates  the  weight  of  rock  to  the  mean  velocity 
of  the  flow  as  follows: 


W  =  2.44(10-W 


(5) 


where  W  is  the  weight  of  rock  related  to  Dgj  of  the 
rocks,  and  V  is  stream  velocity.  Dgs  is  the  sieve 
size  that  allows  65  percent  of  the  material  to  pass 
through.  This  equation  states  that  65  percent  of 
the  rocks  can  be  smaller  and  35  percent  larger 
than  the  calculated  weight.  As  stated  above,  the 
smallest  size  should  have  a  diameter  of  10  cm. 


Spacing 

The  location  of  a  check  dam  will  be  deter- 
mined primarily  by  the  required  spacing  of  the 
structures.  Requirements  for  spacing  depend  on 
the  gradients  of  the  sediment  deposits  expected 
to  accumulate  above  the  dams,  the  effective 
heights  of  the  dams,  the  available  funds,  and  the 
objective  of  the  gully  treatment.  If,  for  instance, 
the  objective  is  to  achieve  the  greatest  possible 
deposition  of  sediment,  high,  widely  spaced  dams 
would  be  constructed.  On  the  other  hand,  if  the 
objective  is  mainly  to  stabiUze  the  gully  gradient, 
the  spacing  would  be  relatively  close  and  the 
dams  low. 

In  general,  the  most  efficient  and  most  eco- 
nomical spacing  is  obtained  if  a  check  dam  is 
placed  at  the  upstream  toe  of  the  final  sediment 
deposits  of  the  next  dam  downstream.  This  ideal 
spacing  can  only  be  estimated,  of  course,  to  obtain 
guideUnes  for  construction  plans. 

Normally,  objectives  of  gully  control  require 
spacings  of  check  dams  great  enough  to  allow 
the  full  utilization  of  the  sediment-holding  capacity 
of  the  structures.  Determination  of  this  spacing 
requires  definite  knowledge  of  the  relationship 
between  the  original  gradient  of  the  gully  channel 
and  that  of  sediment  deposits  above  check  dams 
placed  in  the  gully.  This  relationship  has  been 
hypothesized  by  several  authors. 


Kaetz  and  Rich^  were  the  first  known  inves- 
tigators to  propose  a  relationship  between  the 
slope  of  sediment  deposits  above  structures  and 
that  of  the  original  thalweg.  They  concluded  that 
the  ratio  varied  between  0.3  and  0.6.  The  steeper 
deposition  slopes  were  found  in  channels  carrying 
coarse  gravel,  in  contrast  to  the  flatter  slopes 
associated  with  fine  loads.  When  some  of  the 
same  structures  were  resurveyed  22  years  later 
(Myrick  Survey,  as  quoted  by  Leopold  et  al.  1964), 
the  sediment  wedge  had  lengthened  only  sUghtly 
since  the  time  of  the  first  survey.  The  increase 
in  length  was  accompanied  by  a  slight  steepening 
of  the  deposition  slope. 

The  Los  Angeles  County  Flood  Control  Dis- 
trict, engaged  in  guUy  control  since  the  1930's, 
used  an  empirically  estabhshed  ratio  of  0.7  be- 
tween deposition  and  original  bed  slope  (Ferrell 
1959,  Ferrell  and  Barr  1963).  In  a  sediment  trend 
study,  conducted  9  years  after  installation  of  a 
check  dam  treatment,  the  validity  of  this  ratio 
could  not  be  confirmed  (Ruby  1973).  It  appears 
that  a  9-year  period  is  not  sufficiently  long  to 
prove  or  disprove  the  rule  of  thumb. 

Deposition  of  sediment  above  dams  is  a 
dynamic  process  dependent  on  regimen  and 
magnitudes  of  flows  during  the  treatment  period. 
In  a  laboratory  study  on  low-drop  structures  for 
alluvial  flood  channels,  it  was  demonstrated  that 
the  regimen  of  flow  exerts  an  overriding  influence 
on  channel  grade  (Vanoni  and  PoUak  1959).  Also, 
Ruby  (1973)  stated  that  the  system  is  constantly 
changing.  But  it  is  important  to  note  that  in  the 
Los  Angeles  treatment,  all  sediment  deposits 
have  consistently  aggraded,  and  not  one  has  yet 
degraded.  This  suggests  that  sediment  is  still 
accumulating  above  the  check  dams. 

Heede  (1960)  evaluated  20-  to  26-year-old 
check  dams  in  the  Colorado  Front  Range  (eastern 
flank)  of  the  Rocky  Mountains,  and  found  the 
ratio  of  deposition  to  original  bed  slope  fluctuat- 
ing between  0.5  and  0.65.  The  soils  had  a  large 
amount  of  coarse  particles,  and  clay  content  was 
low.  A  check  of  15-year-old  earth  check  dams  and 
stock  pond  structures  on  the  western  flank  of 
the  Colorado  Rocky  Mountains  showed  an  aver- 
age ratio  of  0.7  (Heede  1966).  This  ratio  was 
applied  to  an  extensive  watershed  restoration 


^Kaetz,  A.  G.,  and  L.  R.  Rich,  1939.  Report  of  survey 
made  to  determine  grade  of  deposition  above  silt  and 
gravel  barriers.  (Unpublistied  memo,  dated  Dec.  5,  1939, 
on  file,  U.S.  Soil  Conserv.  Sen/,  library,  Albuquerque,  N.M.) 
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project  en  the  western  slope  of  the  Rocky  Moun- 
tains in  1963.  That  project  is  now  being  eval- 
uated.^ 

Channel  structures  were  investigated  in  Ari- 
zona washes  by  Hadley  (1963).  He  concluded  that 
a  rise  in  base  level,  as  represented  by  a  dam, 
reduced  the  channel  slope  and  caused  aggradation 
upstream  to  a  higher  elevation  than  that  of  the 
channel  control  (dam).  From  the  field  observa- 
tions, he  inferred  that  the  extent  of  deposition 
is  determined  by  valley  width,  channel  slope, 
particle  size  of  the  material,  and  vegetation.  A 
ratio  was  not  estabhshed. 

The  deposition  slopes  behind  the  impermeable 
structures  of  the  Arizona  washes  were  compared 
with  those  of  permeable  structures  in  the  upper 
Rio  Puerco  Basin  of  New  Mexico  (Lusby  and 
Hadley  1967).  The  latter  developed  steeper  slopes 
than  the  impermeable  dams.  Impermeable  struc- 
tures, placed  on  gentle  hill  slopes,  consisted  of 
wooden  fenceposts  and  woven-wire  fencing  mate- 
rial, and  were  set  into  the  ground  so  that  0.3  m 
was  above  the  original  land  surface. 

A  general  flattening  of  the  deposition  slope, 
as  compared  with  the  original  thalweg,  was  also 
found  in  field  investigations  on  25-year-old  gully 
control  structures  in  Wisconsin  (Woolhiser  and 
Miller  1963).  The  ratio  ranged  between  0.29  and 
1.22.  Interestingly,  the  authors  recognized  the 
classic  aggradation-degradation  pattern  between 
structures;  it  showed  degradation  and  the  asso- 
ciated flattening  of  the  channel  slope  caused  by  a 
reduction  in  the  sediment  load. 

Woolhiser  and  Lenz  (1965)  also  demonstrated 
that  not  only  the  original  channel  gradient  influ- 
ences the  deposition  slope,  but  also  the  width  of 
the  channel  at  the  structure,  and  the  crest  height 
of  the  spillway  above  the  original  channel  bottom. 
These  authors  found  an  average  slope  ratio  of 
0.52.  Where  original  slopes  were  less  than  14  per- 
cent, the  average  ratio  was  raised  to  0.66;  the 
ratios  tended  to  be  smaller  as  the  original  slope 
increased. 

As  the  above  discussion  demonstrated,  rela- 
tionships developed  so  far  have  been  entirely 
empirical,  and  further  research  is  necessary  to 
establish  the  theoretical  basis. 

In  Colorado,  earth  dams  were  examined  for 
guidance  in  determining  the  spacing  of  dams 
(Heede  1966).  Data  indicated  that,  in  gullies  of 
less  than  20  percent  gradient,  the  dams  would 
not  interfere  with  sediment  catch  if  their  spacing 
was  based  on  the  expected  slope  of  the  deposits 


Heede.  Burchard  H.  Evaluation  of  an  early  soil  and 
water  rehabilitation  project — Alkali  Creek  watershed,  Colo- 
rado. (Research  Paper  in  preparation  at  Rocky  Mt.  For.  and 
Range  Exp.  Stn.,  Fort  Collins,  Colo.) 


being  0.7  of  the  original  gully  gradient.  For  gully 
gradients  exceeding  20  percent,  expected  sedi- 
ment deposits  would  have  a  gradient  of  0.5  that 
of  the  gully.  Heede  and  Mufich  (1973)  developed 
an  equation  to  simpHfy  the  calculation  of  spacing 
as  follows: 


=     He 


K  G  cos  a 


(6) 


where  S  is  the  spacing,  Hg  is  effective  dam  height 
as  measured  from  gully  bottom  to  spillway  crest, 
G  represents  the  gully  gradient  as  a  ratio,  a  is 
the  angle  corresponding  to  the  gully  gradient 
(G  =  tan  a),  and  K  is  a  constant.  The  equation  is 
based  on  the  assumption  that  the  gradient  of 
the  sediment  deposits  is  (l-K)G.  In  the  Colorado 
example,  values  for  K  were: 


K  =  0.3  for  G  <  0.20 
K  =  0.5  for  G  >  0.20 


(7) 
(8) 


The  generalized  equation  (6)  can  be  used  by 
the  designer,  after  the  applicable  K  value  has 
been  determined  for  the  treatment  area.  Works 
older  than  10  years  should  be  inspected  for  this 
determination.  Figure  20  illustrates  the  relation- 
ship between  dam  spacing,  height,  and  gully 
gradient.  For  a  given  gully,  the  required  number 
of  dams  decreases  with  increasing  spacing  or 
increasing  effective  dam  height,  and  increases 
with  increasing  gully  gradient.  An  example  for  a 
600  m  gully  segment  is  given  in  figure  21. 


Keys 

Keying  a  check  dam  into  the  side  slopes  and 
bottom  of  the  gully  greatly  enhances  the  stabihty 
of  the  structure.  Such  keying  is  important  in 
gullies  where  expected  peak  flow  is  large,  and 
where  soils  are  highly  erosive  (such  as  soils  with 
high  sand  content).  Loose-rock  check  dams  with- 
out keys  were  successfully  installed  in  soils  de- 
rived from  Pikes  Peak  granite,  but  estimated 
peak  flows  did  not  exceed  0.2  m^/s  (Heede  1960). 

The  objective  of  extending  the  key  into  the 
gully  side  slopes  is  to  prevent  destructive  flows 
of  water  around  the  dam  and  consequent  scouring 
of  the  banks.  Scouring  could  lead  to  gaps  between 
dam  and  bank  that  would  render  the  structure 
ineffective.  The  keys  minimize  the  danger  of 
scouring  and  tunneling  around  check  dams  be- 
cause the  route  of  seepage  is  considerably  length- 
ened. As  voids  in  the  keys  become  plugged,  the 
length  of  the  seepage  route  increases.  This  in- 
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Figure  20.— Spacing  of  cineck  dams,  installed  in 
gullies  with  different  gradients,  as  a  function  of 
effective  dann  height. 


crease  causes  a  decrease  in  the  flow  velocity  of 
the  seepage  water  and,  in  turn,  a  decrease  of  the 
erosion  energy. 

The  part  of  the  key  placed  into  the  gully 
bottom  is  designed  to  safeguard  the  check  dam 
against  undercutting  at  the  downstream  side. 
Therefore,  the  base  of  the  key,  which  constitutes 
the  footing  of  the  dam,  must  be  designed  to  be 
below  the  surface  of  the  apron.  This  is  of  par- 
ticular importance  for  fence- type  and  impervious 
structures  because  of  the  greater  danger  of  scour- 
ing at  the  foot  of  these  dams.  The  water  flowing 
over  the  spillway  forms  a  chute  that  creates  a 
main  critical  area  of  impact  where  the  hydraulic 
jump  strikes  the  gully  bottom.  This  location  is 
away  from  the  structure.  The  sides  of  loose-rock 
and  wire-bound  check  dams  slope  onto  the  apron, 
on  the  other  hand,  and  no  freefall  of  water  occurs. 
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Figure  21.— Nunnber  of  dams  required  in  gullies, 
600  m  long  and  with  different  gradients,  as  a 
function  of  effective  dam  height. 


The  design  of  the  keys  calls  for  a  trench, 
usually  0.6  m  deep  and  wide,  dug  across  the 
channel.  Where  excessive  instability  is  demon- 
strated by  large  amounts  of  loose  materials  on 
the  lower  part  of  the  channel  side  slopes  or  by 
large  cracks  and  fissures  in  the  bank  walls,  the 
depth  of  the  trench  should  be  increased  to  1.2 
or  1.8  m. 

Dam  construction  starts  with  the  filling  of 
the  key  with  loose  rock.  Then  the  dam  is  erected 
on  the  rock  fill.  Rock  size  distribution  in  the  key 
should  be  watched  carefully.  If  voids  in  the  key 
are  large,  velocities  of  flow  within  the  key  may 
lead  to  washouts  of  the  bank  materials.  Since 
the  rock  of  the  keys  is  embedded  in  the  trench 
and  therefore  cannot  be  easily  moved,  it  is  advan- 
tageous to  use  smaller  materials,  such  as  a  mix- 
ture with  80  percent  smaller  than  14  cm. 


Height 

The  effective  height  of  a  check  dam  (Hg)  is 
the  elevation  of  the  crest  of  the  spillway  above 
the  original  gully  bottom.  The  height  not  only 
influences  structural  spacing  but  also  volume 
of  sediment  deposits. 
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Heede  and  Mufich  (1973)  developed  an  equa- 
tion that  relates  the  volume  of  sediment  deposits 
to  spacing  and  effective  height  of  dam: 


Vg  =  Yi  Hg  S  cos  a  LjjE 


(9) 


where  Vg  is  the  sediment  volume,  S  represents 
the  spacing,  and  LhE  is  the  average  length  of 
dam,  considered  for  effective  dam  height  and 
calculated  by  the  equation: 


Lre  =  Lb  + 


Lq-Lb 


He 


(10) 


where  Lb  is  the  bottom  width  and  Ly  the  bank 
width  of  the  gully,  measured  from  brink  to  brink, 
and  D  is  the  depth  of  the  gully.  If  S  in  equation 
(9)  is  substituted,  then 


He' 

^S=2KG^HE 


(11) 


where  the  constant  K  has  the  values  found  to 
be  applicable  to  the  treatment  area.  Equation  (11) 
indicates  that  sediment  deposits  increase  as  the 
square  of  effective  dam  height  (fig.  22). 
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Figure  22.  — Expected  sediment  deposits  retained  by 
ctieck  dann  treatnnent  as  a  function  of  effective 
dam  height.  The  sediment  deposit  ratio  relates 
the  volume  of  sediment  deposits  to  the  volume 
of  sediment  deposits  at  effective  dam  height 
of  0.3  m.  Thus,  deposits  in  a  treatment  with 
1.2  m  dams  are  more  than  seven  times  larger 
than  those  caught  by  0.3  m  dams. 
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For  practical  purposes,  based  on  the  sedi- 
ment deposit  model,  the  sediment  curve  in  fig- 
ure 22  is  valid  for  treatments  in  gullies  with  iden- 
tical cross  sections  and  gradients  ranging  from 
1  to  30  percent.  At  this  range,  the  difference  is 
4.5  percent  with  smaller  deposits  on  the  steeper 
gradients,  a  negligible  fraction  in  such  estimates. 
The  volume  of  deposits,  compared  with  that  on 
a  1  percent  gradient,  decreases  by  10  percent  on 
a  gradient  of  45  percent,  if  the  cross  sections  are 
constant.  Magnitudes  of  cross  sections,  of  course, 
exert  strong  influences  on  sediment  deposition. 

In  most  cases,  dam  height  will  be  restricted 
by  one  or  all  of  the  following  criteria:  (1)  costs, 
(2)  stability,  and  (3)  channel  geometry  in  relation 
to  spillway  requirements.  Cost  relations  between 
different  types  of  rock  check  dams  will  be  dis- 
cussed later.  Stability  of  impervious  check  dams 
should  be  calculated  where  life  and/or  property 
would  be  endangered  by  failure.  Heede  (1965b) 
presented  an  example  for  these  calculations  which 
can  be  easily  followed.  Pervious  dams  such  as 
rock  check  dams  cannot  be  easily  analyzed  for 
stabiUty,  however,  because  of  unknowns  such 
as  the  porosity  of  a  structure. 

Severely  tested  check  dams  in  Colorado 
(Heede  1966)  had  maximum  heights  as  follows: 
loose-rock  and  wire-bound  dams,  2.2  m:  and  fence- 
type  dams  (thickness  of  0.6  m),  1.8  m. 

In  guUies  with  small  widths  and  depths  but 
large  magnitudes  of  flow,  the  effective  height  of 
dams  may  be  greatly  restricted  by  the  spillway 
requirements.  This  restriction  may  result  from 
the  spillway  depth  necessary  to  accommodate 
expected  debris-laden  flows. 


Spillway 

Since  spillways  of  rock  check  dams  may  be 
considered  broad-crested  weirs  (fig.  23),  the  dis- 
charge equation  for  that  type  of  weir  is  applicable: 


Q  =  CLH 


3/2 


(12) 


where  Q  =  discharge  in  m^/s,  C  =  coefficient  of 
the  weir,  L  =  effective  length  of  the  weir  in  m, 
and  H  =  head  of  flow  above  the  weir  crest  in  m. 

The  value  of  C  varies.  The  exact  value  depends 
on  the  roughness  as  well  as  the  breadth  and  shape 
of  the  weir  and  the  depth  of  flow.  Since  in  rock 
check  dams,  breadth  of  weir  changes  within  a 
structure  from  one  spillway  side  to  the  other,  and 
shape  and  roughness  of  the  rocks  Uning  the  spill- 
way also  change,  C  would  have  to  be  determined 
experimentally  for  each  dam.  This,  of  course,  is 
not  practical  and  it  is  recommended,  therefore,  to 
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Figure  23.— Upstream  view  of  a 
loose-rocl<  checl<  dam  sup- 
porting a  discharge  of  about 
0.3  m^/s.  Effective  dam  height 
is  1.7  m. 


use  a  mean  value  of  1.65.  This  value  appears 
reasonable  in  the  light  of  other  inaccuracies  that 
are  introduced  in  calculating  the  design  storm 
and  its  expected  peak  flow.  For  this  reason  also, 
the  discharge  calculations  would  not  be  signifi- 
cantly improved  if  they  were  corrected  for  the 
velocity  of  approach  above  a  dam.  Such  a  correc- 
tion would  amount  to  an  increase  of  5  percent  of 
the  calculated  discharge  at  a  head  of  flow  of  0.6  m 
over  a  dam  0.75  m  high,  or  8  percent  if  the  flow 
had  a  0.9  m  head. 

Most   gullies   have  either   trapezoidal,   rec- 
tangular, or  V-shaped  cross  sections.  Heede  and 
Mufich  (1973)  developed  equations  for  the  calcu- 
1  lation  of  spillway  dimensions  for  check  dams 
j  placed  in  these  gully  shapes.  In  trapezoidal  gullies, 
I  the  equation  for  length  of  spillway  can  be  adjusted 
to  prevent  the  water  overfall  from  hitting  the 
I  gully  side  slopes,  thus  eUminating  the  need  for 
j  extensive  bank  protection.  In  V-shaped  gullies 
this  is  not  possible,  generally.   In  rectangular 
ones,  adjustment  of  the  equation  is  not  required 
i  because  the  freeboard  requirement  prevents  the 
I  water  from  falling  directly  on  the  banks.  One 
I  equation  was  estabhshed,  therefore,  for  V-shaped 
'  and  rectangular  gullies  as  follows: 


LaS=   q  Hg-f 


(14) 


\clasJ 


(13) 


where  HgV  is  spillway  depth,  the  constant  C  is 
taken  as  1.65,  and  Las.  the  effective  length  of 
spillway,  was  derived  from  the  equation 


in  which  f  is  a  constant,  referring  to  the  length 
of  the  freeboard.  In  gullies  with  a  depth  of  1.5  m 
or  less,  the  f  value  should  not  be  less  than  0.3  m; 
in  gullies  deeper  than  1.5  m,  the  minimum  value 
should  be  at  least  0.6  m. 

For  structural  gully  control,  design  storms 
should  be  of  25  years  magnitude,  and,  as  a  mini- 
mum, spillways  should  accommodate  the  ex- 
pected peak  flow  from  such  a  storm.  In  moun- 
tainous watersheds,  however,  where  forests  and 
brushlands  often  contribute  large  amounts  of 
debris  to  the  flow,  the  size  and  the  shape  of  spill- 
ways should  be  determined  by  this  expected 
organic  material.  As  a  result,  required  spillway 
sizes  will  be  much  larger  than  if  the  flow  could 
be  considered  alone.  Spillways  designed  with 
great  lengths  relative  to  their  depths  are  very 
important  here.  Yet,  spillway  length  can  be  ex- 
tended only  within  limits  because  a  sufficient 
contraction  of  the  flow  over  the  spillway  is  needed 
to  form  larger  depths  of  flows  to  float  larger 
loads  over  the  crest.  The  obstruction  of  a  spill- 
way by  debris  is  undesirable  since  it  may  cause 
the  flow  to  overtop  the  freeboard  of  the  check 
dam  and  lead  to  its  destruction. 

The  characteristics  of  the  sides  of  a  spillway 
are  also  important  for  the  release  of  debris  over 
the  structure.  Spillways  with  perpendicular  sides 
will  retain  debris  much  easier  than  those  with 
sloping  sides;  in  other  words,  trapezoidal  cross 
sections  are  preferable  to  rectangular  ones.  A 
trapezoidal  shape  introduces  another  benefit  by 
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increasing  the  effective  length  of  the  spillway 
with  increasing  magnitudes  of  flow. 

The  length  of  the  spillway  relative  to  the 
width  of  the  gully  bottom  is  important  for  the 
protection  of  the  channel  and  the  structure.  Nor- 
mally, it  is  desirable  to  design  spillways  with  a 
length  not  greater  than  the  available  gully  bottom 
width  so  that  the  waterfall  from  the  dam  will 
strike  the  gully  bottom.  There,  due  to  the  stilling- 
basin  effects  of  the  dam  apron,  the  turbulence  of 
the  flow  is  better  controlled  than  if  the  water 
first  strikes  against  the  banks.  Splashing  of  water 
against  the  channel  side  slopes  should  be  kept  at 
a  minimum  to  prevent  new  erosion.  Generally, 
spillway  length  will  exceed  gully  bottom  width 
in  gulhes  with  V-shaped  cross  sections,  or  where 
large  flows  of  water  and  debris  are  expected  rela- 
tive to  the  available  bottom  width.  In  such  cases, 
intensive  protection  of  the  gully  side  slopes  below 
the  structures  is  required. 

Equation  (13)  includes  a  safety  margin,  be- 
cause the  effective  length  of  the  spillway  is  cal- 
culated with  reference  to  the  width  of  the  gully 
at  the  elevation  of  the  spillway  bottom,  instead 
of  that  at  half  the  depth  of  the  spillway.  At  spill- 
way bottom  elevation,  gullies  are  generally  nar- 
rower than  at  the  location  of  the  effective  spill- 
way length.  This  results  in  somewhat  smaller 
spillway  lengths,  which  will  benefit  the  fit  of  the 
spillway  into  the  dam  and  the  gully. 

If  the  spillway  sides  are  sloped  1:1,  it  follows 
that  in  V-shaped  and  rectangular  gulhes,  the 
bottom  length  of  the  spillway  (LbSV)  is  derived 
from  the  equation 


Lbsv  =  Las  -  ^sv 


(15) 


and  the  length  between  the  brinks  of  the  spillway 
(Lusv)  is  given  by  the  equation 


Lusv  =  Las  +  Hsv 


(16) 


In  trapezoidal  gullies,  the  effective  length  of 
the  spillway  equals  the  bottom  width  of  the  gully. 
From  the  discharge  equation  for  broad-crested 
weirs,  it  follows  that  the  depth  of  spillway  (Hg) 
in  these  gulhes  is  given  by  the  equation 


'•-m 


(17) 


in  which  the  coefficient  of  the  weir  (C)  is  taken 
as  1.65. 

Lengths  at  the  bottom  (LbS)  ^nd  between  the 
brinks  of  the  spillway  (Lus)  are  calculated  by 
the  equations 


and 


Lbs  =  Lb  -  Hs 


Lus  =  Lb  +  Hs 


(18) 


(19) 


respectively. 

Rock-fill  dams  were  also  designed  with  builtin 
spillways  (Parkin  1963).  At  minimum  depth  of 
flow,  the  flow  passes  on  a  plane  through  the  crest 
of  the  spillway  and  inclines  at  45°  to  the  vertical 
at  the  downstream  side.  The  design  does  not  ap- 
pear to  be  suitable  for  most  gully  control  situa- 
tions due  to  the  high  sediment  loads,  which  rapidly 
clog  the  structural  voids.  The  detailed  discussions 
and  design  equations  could  be  helpful,  however, 
in  testing  rock  stability  as  related  to  specific 
gravity  and  diameter  of  rock  as  well  as  in  estimat- 
ing the  void  ratio.  The  interested  reader  should, 
however,  be  aware  that  the  design  criteria  are  for 
large  dams,  supporting  discharges  between  28 
and  85  mVs,  and  that  flow  information  must  be 
available.  In  most  situations,  conservation  pro- 
grams have  to  be  started  to  meet  public  demand 
even  though  adequate  hydrologic  data  are  not 
available.  Not  much  has  changed  since  this  obser- 
vation was  made  by  Peterson  and  Hadley  (1960). 


Apron 

Aprons  must  be  installed  on  the  gully  bottom 
and  protective  works  on  the  gully  side  slopes 
below  the  check  dams,  otherwise  flows  may  easily 
undercut  the  structures  from  downstream  and 
destroy  them. 

Apron  length  below  a  loose-rock  check  dam 
cannot  be  calculated  without  field  and  laboratory 
investigations  on  prototypes.  Different  structures 
may  have  different  roughness  coefficients  of  the 
dam  side  slope  that  forms  a  chute  to  the  flow  if 
tailwater  depth  is  low.  Differences  in  rock  grada- 
tion may  be  mainly  responsible  for  the  different 
roughness  values. 

The  design  procedures  for  the  loose-rock 
aprons  were  therefore  simphfied  and  a  rule  of 
thumb  adopted:  the  length  of  the  apron  was  taken 
as  1.5  times  the  height  of  the  structure  in  channels 
where  the  gradient  did  not  exceed  15  percent,  and 
1.75  times  where  the  gradient  was  steeper  than 
15  percent.  The  resulting  apron  lengths  included 
a  sufficient  margin  of  safety  to  prevent  the  water- 
fall from  hitting  the  unprotected  gully  bottom. 
The  design  provided  for  embedding  the  apron 
into  the  channel  floor  so  that  its  surface  would 
be  roughly  level  and  about  0.15  m  below  the  orig- 
inal bottom  elevation. 
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In  contrast,  for  straight-drop  structures  such 
as  dams  built  from  steel  sheets  or  fence-type 
dams,  apron  length  can  be  calculated  if  gully 
flows  are  known.  In  such  a  case,  the  trajectory 
of  the  nappe  can  be  computed  as  follows: 


^o  =  ^     ^ 


2(-z) 


(20) 


in  which  x  and  z  are  the  horizontal  and  vertical 
coordinates  of  a  point  on  the  trajectory  referred 
to  the  midpoint  of  the  spillway  as  the  origin,  and 
g  is  the  acceleration  due  to  gravity,  taken  as 
9.81  m/s^  (Howe  1950).  Thus,  if  Vq  is  substituted 
for  Vc,  the  critical  velocity  at  dam  crest,  and  z  is 
the  effective  dam  height,  x  will  yield  the  distance 
from  the  structure  at  which  the  waterfall  will  hit 
the  apron.  Depending  on  magnitude  of  flow,  one 
or  several  meters  should  be  added  to  this  distance. 
The  procedure  for  calculating  critical  depth 
and  critical  velocity  over  a  check  dam  is  as  fol- 
lows: The  critical  depth  equation  is 


*c 
2g 


(21) 


where  Vc  is  the  critical  velocity,  and  Yc  is  the 
critical  depth.  The  continuity  equation  for  open 
channel  flow  is 


q  =  AV 


(22) 


sill.  This  end  still  creates  a  pool  in  which  the  water 
will  cushion  the  impact  of  the  waterfall. 

The  installation  of  an  end  sill  provides  an- 
other benefit  for  the  structure.  Generally,  aprons 
are  endangered  by  the  so-called  ground  roller  that 
develops  where  the  hydraulic  jump  of  the  water 
hits  the  gully  bottom.  These  vertical  ground 
rollers  of  the  flow  rotate  upstream,  and  where 
they  strike  the  gully  floor,  scouring  takes  place. 
Thus,  if  the  hydraulic  jump  is  close  to  the  apron, 
the  ground  roller  may  undermine  the  apron  and 
destroy  it  (Vanoni  and  Pollak  1959).  The  end  sill 
will  shift  the  hydrauUc  jump  farther  downstream, 
and  with  it  the  dangerous  ground  roller.  The 
higher  the  end  sill,  the  farther  downstream  the 
jump  will  occur.  Since  data  on  sediment  and  flow 
are  not  usually  available,  a  uniform  height  of  sill 
may  be  used  for  all  structures. 

Ephemeral  gullies  carry  frequent  flows  of 
small  magnitudes.  Therefore,  it  is  advisable  not 
to  raise  the  crest  of  the  end  siUs  more  than  0.15  to 
0.25  m  above  the  gully  bottom.  End  sills,  if  not 
submerged  by  the  water,  are  dams  and  create 
waterfalls  that  may  scour  the  ground  below  the 
sill.  At  higher  flows,  some  tailwater  usually  exists 
below  a  sill  and  cushions  to  some  extent  the  im- 
pact from  the  waterfall  over  the  sill. 

Where  the  downstream  nature  of  the  gully 
is  such  that  appreciable  depth  of  tailwater  is 
expected,  the  installation  of  end  sills  is  not  criti- 
cally important.  The  hydraulic  jump  wiU  strike 
the  water  surface  and  ground  rollers  will  be  weak. 


where  q  is  the  flow  rate  of  unit  width  of  flow,  A  is 
the  cross  section  of  flow,  and  V  represents  the 
average  velocity  in  the  cross  section,  q  is  derived 
from  the  estimated  rate  of  flow  Q  by  dividing  Q 
by  Las.  the  effective  length  of  spillway.  Since 
q  refers  to  unit  width  of  flow,  A  can  be  replaced 
by  Yc  and  equation  (22)  becomes 


""      Y. 


(23) 


If  Vc  in  equation  (21)  is  replaced  by  (23), 


a!- Y  3 


(24) 


I 

•By  placing  the  value  of  Yc,  the  depth  of  flow  over 
the  spillway,  into  equation  (23),  the  critical 
velocity  (Vc)  can  be  obtained. 

At  the  downstream  end  of  the  apron,  a  loose- 
i-ock  sill  should  be  built  0.15  m  high,  measured 
from  channel  bottom  elevation  to  the  crest  of  the 


Bank  Protection 

Investigations  have  shown  (Heede  1960)  that 
check  dams  may  be  destroyed  if  flows  scour  the 
gully  side  slopes  below  the  structures  and  pro- 
duce a  gap  between  the  dam  and  the  bank.  Since 
water  below  a  check  dam  is  turbulent,  eddies 
develop  that  flow  upstream  along  each  gully 
side  slope.  These  eddies  are  the  cutting  forces. 

Several  types  of  material  are  suitable  for 
bank  protection.  Loose  rock  is  effective,  but 
should  be  reinforced  with  wire-mesh  fence,  se- 
cured to  steel  posts,  on  all  slopes  steeper  than 
1.25  to  1.00  (see  fig.  17).  The  design  should  pro- 
vide for  excavation  of  the  side  slopes  to  a  depth 
of  about  0.3  m  so  that  the  rock  can  be  placed  flush 
with  the  surrounding  side  slope  surface  to  increase 
stability  of  the  protection.  Excavation  of  surface 
materials  also  assures  that  the  rock  would  not  be 
set  on  vegetation.  Banks  should  be  protected  for 
the  full  length  of  the  apron. 

The  height  of  the  bank  protection  depends 
on  the  characteristics  of  channel,  flow,  and  struc- 
ture. Where  gullies  have  wide  bottoms  and  spill- 
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ways  are  designed  to  shed  the  water  only  on  the 
channel  floor,  the  height  should  equal  total  dam 
height  at  the  structure,  but  can  rapidly  decrease 
with  distance  from  the  structure.  In  contrast, 
where  the  waterfall  from  a  check  dam  will  strike 
against  the  gully  banks,  the  height  of  the  bank 
protection  should  not  decrease  with  distance 
from  dam  to  prevent  the  water  from  splashing 
against  unprotected  banks. 

In  gullies  with  V-shaped  cross  sections,  the 
height  of  the  bank  protection  should  be  equal  to 
the  elevation  of  the  upper  edges  of  the  freeboards 
of  the  dam.  In  general,  the  height  of  the  bank 
protection  can  decrease  with  increasing  distance 
from  the  dam. 

Equations  for  Volume  Calculations 

After  the  dam  locations  have  been  deter- 
mined in  the  field,  based  on  spacing  requirements 
and  suitability  of  the  site  for  a  dam,  gully  cross 
sections  at  these  locations  should  be  surveyed 
and  plotted.  If  possible,  use  the  computer  pro- 
gram developed  by  Heede  and  Mufich  (1974)  to 
design  the  dams.  Otherwise  the  dams  must  be 
designed  from  the  plotted  gully  cross  sections. 
Structural  and  gully  dimensions  can  be  used  in 
equations  developed  by  the  above  authors. 


where  Lb  is  the  length  of  dam  at  the  bottom, 
Lu  represents  the  length  of  dam  measured  at 
freeboard  elevation,  and  D  is  the  depth  of  the 
gully.  Vsp  is  calculated  by  the  equation 


Vsp=HsLasBa 


(27) 


where  Hg  is  the  depth  and  LaS  is  the  effective 
length  of  the  spillway;  Ba  is  the  breadth  of  the 
dam,  measured  at  half  the  depth  of  the  spillway 
and  derived  from  the  equation 


Ba  = 


Hs 


0.70711  tan  Ar 


+  0.3 


(28) 


Vlr  = 


tan  Aj^ 


where  0.70711  is  the  sine  of  45°,  and  0.3  is  a  con- 
stant derived  from  a  breadth  of  dam  of  0.6  m.  i 

Angular  rock  is  preferable  to  round  rock  be-  \ 
cause   less   is   required,   and   it   enhances   dam 
stability. 

The  equation  for  volumes  of  loose-rock  and 
wire-bound  loose-rock  dams  (eq.  25)  was  simpli- 
fied by  assuming  a  zero  gully  gradient.  This 
assumption  results  in  an  underestimate  of  volumes 
in  gullies  with  steep  gradients.  To  offset  this 
underestimate  on  gradients  larger  than  15  per- 
cent, 10  percent  should  be  added  to  the  calculated 
volume. 

If  the  design  peak  flow  is  larger  than  0.3  m^/s, 
all  types  of  check  dams  must  be  keyed  into  the 
gully  banks  and  bottom.  Under  varied  conditions 
in  Colorado,  it  was  found  that  a  bottom  key  of 
0.6  m  depth  and  width  was  sufficient  for  check 
dams  up  to  2  m  high.  A  width  of  0.6  m  was  also 
adequate  for  the  bank  keys.  The  depth  of  the 
keys,  however,  must  be  adjusted  according  to 
characteristics  of  the  soils.  Thus,  the  equation 
for  the  volume  of  the  key  is  generalized  as  follows: 

+  0.6HLa-Vsp        (25)         Vk=(La+2R)(0.6Hd+0.36)-0.6HdLa        (29) 


Loose- Rock  and  Wire-Bound  Dams 

The  volume  equation  for  the  dam  proper  of 
loose-rock  and  wire-bound  dams  considers  either 
angular  or  round  rock,  because  the  angle  of  re- 
pose varies  with  rock  shape  and  influences  the 
side  slopes  of  the  dam.  The  generalized  equation  is 


where  Vlr  is  the  volume  of  the  dam  proper, 
Hd  represents  dam  height,  0.6  is  a  constant  that 
refers  to  the  breadth  of  dam,  La  is  the  average 
length  of  the  dam,  tan  Ar  is  the  tangent  of  the 
angle  of  repose  of  the  rock  type,  and  Vgp  is  the 
volume  of  the  spillway.  It  is  assumed  that  the 
angle  of  repose  for  angular  rock  is  represented  by 
a  slope  of  1.25:1.00,  corresponding  to  a  tangent  of 
0.8002;  for  round  rock,  the  slope  is  1.50:1.00  with 
a  tangent  of  0.6590.  La  is  given  by  the  equation 


where  R  represents  the  depth  of  key  and  0.6  and 
0.36  are  constants  in  meter  units,  referring  to 
depth  and  width  of  bottom  key  and  width  of  bank 
key,  respectively. 

In  the  construction  plan,  the  volume  Vr 
should  be  kept  separate  from  that  of  the  dam 
proper  because,  generally,  a  finer  rock  grada- 
tion is  required  for  the  keys. 

Apron  and  bank  protection  below  the  struc- 
ture are  always  required  at  check  dams.  The  equa^ 
tion  developed  for  the  volume  calculations  is:      ■■ 


Va  =  cHdLb  +  dH^ 


(30) 


T       -T       _^  Ly  -  Lb 

La  -  Lb  +     ^p     Hd 


(26) 
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in  which  Va  is  the  rock  volume  of  the  apron  and 
bank  protection,  and  c  and  d  are  constants  whose 
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values  depend  on  gully  gradient.  For  gradients 
^  15  percent,  c  =  1.5  and  d  =  3.0;  for  gradients 
>  15  percent,  c  =  1.75  and  d  =  3.5. 

The  total  rock  volume  required  for  a  loose- 
rock  dam  with  keys  is  the  sum  of  equations  (25), 
(29),  and  (30). 

Besides  rock,  wire  mesh  and  steel  fenceposts 
are  used  in  most  of  the  dams.  If  dam  height  is 
equal  to  or  larger  than  1.2  m,  reinforcement  of 
the  bank  protection  work  by  wire  mesh  and  fence- 
posts  will  generally  be  required.  The  equation 
for  amount  of  wire  mesh  and  number  of  posts 
includes  a  margin  of  safety  to  offset  unforeseen 
additional  needs.  To  assist  in  construction,  dimen- 
sions of  the  mesh  are  given  in  length  and  width. 
The  length  measured  along  the  thalweg  is 


Mlb  =  3-50Hd 


(31) 


where  Mlb  is  the  length  of  the  wire  mesh  for 
the  bank  protection,  and  3.50  is  a  constant.  The 
width  of  the  wire  mesh,  measured  from  the  apron 
to  the  top  of  the  bank  protection  at  the  dam, 
equals  the  total  dam  height. 

The  number  of  fenceposts  is  calculated  by  the 
equation 


33°  25',  representing  a  slope  of  1.50:1.00.  The 
term  3  is  a  constant,  in  meter  units.  Equation 
(34)  provides  for  an  overlapping  of  the  mesh  by 
1.8  m. 


Single-Fence  Dams 

A  zero  gully  gradient  was  assumed  for  cal- 
culating rock  volume  for  the  dam  proper  of  single- 
fence  dams.  This  results  in  overestimates  that 
compensate  for  simplification  of  the  equation 
for  volume  calculation.  If  the  construction  plan 
calls  for  a  dam  with  a  0.6  m  breadth,  for  ease  of 
calculation,  the  cross  section  of  the  dam  parallel 
to  the  thalweg  is  taken  as  a  right  triangle  with  a 
dam  side  slope  of  1.25:1.00  in  the  equation: 


VsF  = 


Hd^ 


2(0.80020) 


La-Vssf 


(35) 


where  VgF  is  the  rock  volume  of  the  dam  proper, 
2  is  constant,  and  0.80020  represents  the  tangent 
of  a  slope  of  1.25:1.00.  VgSF  is  the  volume  of  the 
spillway,  calculated  by  the  equation 


Nb  =  3Hd  +  2 


(32) 


where  Nb  is  the  number  of  fenceposts  for  the 
bank  protection,  rounded  up  to  a  whole  even 
number,  and  2  and  3  are  constants,  the  latter 
derived  from  a  1.2  m  spacing.  Of  the  total  number 
of  posts,  half  should  be  0.75  m  taller  than  the 
dam;  the  other  half  are  of  dam  height. 

For  wire-bound  dams,  the  length  of  the  wire 
mesh  is  taken  as  that  of  the  dam  crest,  which 
includes  a  safety  margin  and  is  calculated  by  the 
equation 


Ltt  —  Lb 


(33) 


where  Ml  is  the  length  of  the  wire  mesh.  The 
width  of  the  mesh,  measured  parallel  to  the  thal- 
weg, depends  not  only  on  dam  height  but  also 
on  rock  shape.  The  equation  for  the  width  of  the 
wire  mesh  is 


Mw  = 


2Hd     ,     2Hd 


+ 


tan  Aj^      sin  Aj^ 


-I-  3 


(34) 


where  M^  is  the  width  and  Ar  the  angle  of  re- 
pose of  the  rock.  For  angular  rock,  this  angle  is 
assumed  to  be  38°  40',  corresponding  to  a  dam 
side   slope   of   1.25:1.00,   and   for   round   rocks 


VSSF  =  HsLas^SF 


(36) 


where  BsF  is  the  breadth  of  the  dam,  measured 
at  half  the  depth  of  the  spillway  and  given  by 
the  equation 


BsF  = 


Hs 


2(0.80020) 


(37) 


The  length  of  wire  mesh  for  a  single-fence 
dam  is  given  by  equation  (33),  while  the  width 
equals  dam  height.  The  number  of  fenceposts  is 
calculated  by  the  equation 

L'B      Ltt  —  Lb 

Nop  =  —  +  ~ Hd  +  1  (38) 

^*^       1.2  2.4D         ^ 


where  NgF  is  the  number  of  posts  of  the  dam 
proper  of  a  single-fence  dam,  rounded  up  to  a 
whole  number:  1.2  signifies  a  distance  of  1.2  m 
between  the  posts;  2.4  and  1  are  constants.  Of  the 
total  number  of  posts,  half  are  0.75  m  taller  than 
the  dam.;  the  other  half  are  dam  height.  This 
equation  contrasts  with  the  original  (Heede  and 
Mufich  1974),  because  the  high  safety  margin 
for  number  of  posts  was  reduced. 
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Double-Fence  Dams 


Rock  Volume  Relations  Among  Dam  Types 


The  equation  for  rock  volume  of  a  double- 
fence  dam  with  vertical  fences,  0.6  m  apart,  is: 


VdF  =  O.GHdLa  -  VsDF 


(39) 


where  VpF  is  the  volume,  0.6  is  a  constant,  and 
VsDF  is  the  volume  of  the  spillway,  computed 
by  the  equation 


VsDF  =  0.6HsLas 


(40) 


where  0.6  represents  the  standard  breadth  of  the 
dam,  in  meters. 


The  length  of  wire  mesh  is  given  by 
Mld  =  2Lb  +     "^p        2Hd 


(41) 


where  Mld  is  the  length  of  the  mesh.  The  width 
of  the  wire  mesh  equals  dam  height.  The  number 
of  fenceposts  is  computed  by  the  equation 


Lg       Ltj  -  Lg 

Ndf  =  —  +  — Hn  +  2 

^'^       0.6  1.2D         ^ 


(42) 


where  N]3p  is  the  number  of  posts  of  the  dam 
proper  of  a  double-fence  dam,  rounded  up  to  a 
whole  even  number,  and  0.6,  1.2,  and  2  are  con- 
stants. The  equation  is  based  on  a  post  spacing 
of  1.2  m.  Half  of  the  posts  are  dam  height,  while 
the  other  half  are  0.75  m  taller  than  the  dam. 
Reduction  of  the  high  safety  marerin  contained  in 
the  original  equation  (Heede  and  Mufich  1974) 
resulted  in  a  new  equation. 


Headcut  Control 

The  volume  requirements  for  a  headcut  con- 
trol structure  are  given  by  the  equation 


In  the  Colorado  project  (Heede  and  Mufich 
1973),  rock  volumes  required  for  the  various 
types  of  check  dams  were  expressed  graphically 
(fig.  24).  If  this  graph  is  used  for  decisionmaking, 
it  must  be  recognized  that  double-fence  dams 
had  parallel  faces  0.6  m  apart.  Where  double- 
fence  structures  with  bases  wider  than  the  breadth 
of  dam  are  required,  rock  volume  requirements 
will  be  larger.  The  graph  shows  that  a  loose-rock 
or  wire-bound  dam  with  effective  height  of  2  m 
requires  5.5  times  more  rock  than  a  double-fence 
dam. 
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Figure  24.— Required  volumes  of  angular  rock  for 
four  different  dam  types  as  a  function  of  effective 
dam  height.  The  rock  volume  ratio  relates  the 
rock  volume  to  that  of  a  loose-rock  dam  0.3  m 
high. 


Vhc= 


2(0 


,33333)/     ^  4  / 


(43) 


where  VhC  is  the  rock  volume,  D  is  the  depth 
of  the  gully  at  the  headcut,  and  0.33333  is  the 
tangent  of  the  angle  that  refers  to  a  structure 
with  a  slope  gradient  of  3:1.  If  a  slope  gradient 
different  from  3:1  is  selected,  the  value  of  the 
tangent  in  the  equation  should  be  changed  to 
correspond  to  that  gradient. 
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Construction  Procedures 

Before  construction  starts,  the  following  j 
design  features  should  be  staked  and  flagged  ' 
conspicuously: 

1.  Mark  the  centerline  of  the  dam  and  the 
key  trenches,  respectively,  on  each  bank.  Set  the  | 
stakes  away  from  the  gully  edge  to  protect  them  ' 
during  construction. 


I 


2.  Designate  the  crest  of  the  spillway  by  a 
temporary  bench-mark  in  the  gully  side  slope 
sufficiently  close  to  be  of  value  for  the  installa- 
tion of  the  dam. 

3.  Mark  the  downstream  end  of  the  apron. 

4.  For  loose-rock  and  wire-bound  dams,  flag 
the  upstream  and  downstream  toes  of  the  dam 
proper. 

Caution  is  required  during  excavation  to  avoid 
destroying  the  stakes  before  the  main  work  of 
installation  begins. 

The  construction  of  all  dams  should  start 
with  the  excavation  for  the  structural  key  (fig.  25), 
the  apron,  and  the  bank  protection.  This  very 
important  work  can  be  performed  by  a  backhoe 
or  hand  labor.  Vegetation  and  loose  material 
should  be  cleaned  from  the  site  at  the  same  time. 

The  trenches  for  the  structural  keys  will 
usually  have  a  width  of  0.6  m,  therefore  a  0.5-m- 
wide  bucket  can  be  used  on  the  backhoe.  If  the 
construction  plan  calls  for  motorized  equipment, 
two  types  of  backhoes  can  be  used.  One,  mounted 
on  a  rubber-wheeled  vehicle  and  operating  from 
a  turntable,  permits  the  backhoe  to  rotate  360°. 
This  machine  travels  rapidly  between  locations 
where  the  ground  surfaces  are  not  rough,  and 
works  very  efficiently  in  gullies  whose  side  slopes 
and  bottoms  can  be  excavated  from  one  or  both 
channel  banks.  The  other  type  can  be  attached 
to  a  crawler  tractor.  This  type  proves  to  be  advan- 
tageous at  gulUes  that  are  difficult  to  reach,  and 
with  widths  and  depths  so  large  that  the  back- 
hoe has  to  descend  into  the  channel  to  excavate. 
In  deep  gulhes  with  V-shaped  cross  sections, 
temporary  benches  on  the  side  slopes  may  be 
necessary.  Often,  the  bench  can  be  constructed 
by  a  tractor  with  blade  before  the  backhoe  arrives. 


Figure  25.— The  key  for  a  rock 
check  dam  is  efficiently  ex- 
cavated with  a  backhoe. 


The  excavated  material  should  be  placed  up- 
stream from  the  dam  site  in  the  gully.  The  exca- 
vated trench  and  apron  should  then  be  filled  with 
rock.  Since  a  special  graded  rock  is  required  for 
the  keys,  rock  piles  for  keys  must  be  separate 
from  those  used  in  the  apron  and  dam  proper. 
Excavations  can  be  filled  by  dumping  from  a 
dump  truck  or  by  hand  labor.  During  dumping 
operations,  the  fill  must  be  checked  for  voids, 
which  should  be  eliminated. 

If  dump  trucks  are  loaded  by  a  bucket  loader, 
some  soil  may  be  scooped  up  along  with  the  rock. 
Soil  is  undesirable  in  a  rock  structure  because  of 
the  danger  of  washouts.  To  avoid  soil  additions, 
use  a  bucket  with  a  grilled  bottom  that  can  be 
shaken  before  the  truck  is  loaded.  Other  devices 
such  as  a  grilled  loading  chute  would  also  be 
appropriate. 

Dumping  rock  into  the  dam  proper  has  two 
advantages:  The  structure  will  attain  greater 
density,  and  rocks  will  be  closer  to  their  angle  of 
repose  than  if  placed  by  hand.  Hand  labor  can 
never  be  completely  avoided,  however,  since 
plugging  larger  voids  and  the  final  dam  shape 
require  hand  placement.  Where  gulUes  are  deep 
and  dumping  is  impractical,  rock  chutes  may 
be  used. 

Often,  gully  control  projects  are  planned  to 
provide  employment  for  numbers  of  people.  This 
objective  can  easily  be  accomplished  if  sufficient 
supervision  is  available  for  the  individual  steps 
in  the  construction.  Special  attention  is  needed 
at  the  spillway  and  freeboard.  In  loose- rock  and 
wire-bound  structures,  where  the  shape  of  the 
dam  is  not  outUned  by  a  fence  as  in  the  other 
types,  experience  shows  there  is  a  tendency  to 
construct  the  spillways  smaller  than  designed. 
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In  wire-bound  dams,  a  commercial,  galvanized 
stock  fence,  usually  about  1.2  m  wide,  can  be  used. 
The  stay  and  line  wires  should  not  be  less  than 
12V2-gage  low-carbon  steel,  the  top  and  bottom 
wires  10-gage  low-carbon  steel,  and  the  openings 
in  the  mesh  0.15  m.  To  connect  ends  of  the  fence 
or  to  attach  the  fence  to  steel  posts,  a  galvanized 
12V2-gage  coil  wire  is  sufficiently  strong. 

The  wire  mesh  of  required  length  and  width 
should  be  placed  over  the  gully  bottom  and  side 
slopes  after  the  trench  and  apron  have  been  filled 
with  rock  (fig.  26).  Generally,  several  widths  of 
mesh  will  be  needed  to  cover  the  surface  from 
bank  to  bank.  If  several  widths  are  required,  they 
should  be  wired  together  with  coil  wire  where 
they  will  be  covered  with  rocks.  The  parts  not  to 
be  covered  should  be  left  unattached  to  facilitate 
the  fence-stringing  operations  around  the  struc- 
ture. 

Before  the  rock  is  placed  on  the  wire  mesh 
for  the  installation  of  the  dam  proper,  the  mesh 
should  be  temporarily  attached  to  the  gully  banks. 
Otherwise,  the  wire  mesh  lying  on  the  gully  side 
slopes  will  be  pushed  into  the  gully  bottom  by 
the  faUing  rock  and  buried.  Usually,  stakes  are 
used  to  hold  the  wire  mesh  on  the  banks. 

After  the  dam  proper  is  placed  and  shaped, 
the  fence  can  be  bound  around  the  structure. 
Fence  stretchers  should  be  apphed  to  pull  the 
upstream  ends  of  the  fence  material  down  tightly 
over  the  downstream  ends,  where  they  will  be 
fastened  together  with  coil  wire.  Then  the  bank 
protection  below  the  dam  should  be  installed. 

The  installation  of  single-  and  double-fence 
dams  begins  with  the  construction  of  the  fences 
after  excavation  is  completed  (fig.  27).  Construe- 


Figure  27.  — Parallel   fences  for  double-fence  dar 
(see  fig.  11)  are  being  installed.  Note  the  excava- 
tions for  key,  apron,  and  bank  protection  (the 
latter  two  to  right  of  the  structure). 


Hif^-^ 


Figure  26.— Upstream  view  of  a 
construction  site  for  a  wire- 
bound  dann.  Note  that  key 
and  apron  excavations  were 
filled  with  rock  before  wire 
mesh  was  placed  on  the  bed 
banks.  The  site  is  prepared 
for  the  construction  of  the 
dam  proper. 
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tion  drawings  should  be  followed  closely  here, 
because  the  final  shape  of  the  dams  will  be  deter- 
mined by  the  fences.  Conventional  steel  fence- 
posts  can  be  used.  In  some  locations,  the  great 
height  of  posts  may  offer  difficulties  for  the  oper- 
ator of  the  driving  equipment,  and  scaffolds 
should  be  improvised.  A  pneumatically  driven 
pavement  breaker  with  an  attachment  designed 
by  Heede  (1964)  can  be  used  to  ease  the  job  of 
driving.  Since  relatively  great  lengths  of  hose 
may  be  attached,  this  tool  may  be  used  in  deep 
gullies  and  on  sites  with  difficult  access. 

At  single-fence  dams,  dumping  of  rock  is 
practical  if  the  gully  is  not  excessively  deep  or 
wide.  At  double-fence  structures,  hand  labor,  or 
a  backhoe  or  clamshell  (fig.  28)  will  be  required. 
The  rock  should  be  placed  in  layers  and  each 
layer  inspected  for  large  voids,  which  should  be 
closed  manually  by  rearranging  rocks. 

Much  time  and  effort  can  be  saved  during 
construction  if  a  realistic  equipment  plan  is  estab- 
lished beforehand.  Such  a  plan  requires  an  inti- 
mate knowledge  of  the  cross-sectional  dimensions 
of  the  gulhes  and  their  accessibility  to  motorized 
equipment.  Pioneer  roads  that  might  be  needed 
because  of  lack  of  accesslare  not  only  important 
for  equipment  considerations,  but  will  also  enter 
into  the  cost  of  the  construction. 

If  equipment  is  to  be  used,  as  a  general  rule, 
it  appears  to  be  advantageous  to  use  heavier  and 
larger  machines  if  their  mobility  is  adequate. 
Although  hourly  costs  for  heavier  machines  are 
usually  greater,  the  total  cost  for  a  job  is  reduced. 

With  few  exceptions,  conventional  construc- 
tion equipment  is  not  sufficiently  mobile  to  oper- 
ate in  rough  topography  without  pioneer  roads. 


In  watershed  rehabilitation  projects  such  as  gully 
control,  road  construction  is  undesirable  because 
it  disturbs  the  ground  surface  and  may  lead  to 
new  erosion.  It  is  therefore  desirable  to  consider 
crawler-type  equipment  only. 


Cost  Relations 

Relationships  between  the  installation  costs 
of  the  four  different  types  of  rock  check  dams 
described  here  are  based  on  research  in  Colorado 
(Heede  1966).  The  relationships  are  expressed  by 
ratios  (fig.  29)  to  avoid  specific  dollar  compari- 
sons. When  considering  the  cost  ratio,  one  must 
keep  in  mind  that  differential  inflation  may  have 
offset  some  finer  differences  in  cost.  It  is  advis- 
able, therefore,  to  test  the  cost  of  individual 
structures  by  using  material  and  volume  require- 
ments as  given  by  the  equations.  The  cost  ratios 
in  figure  29  can  then  be  adjusted,  if  necessary. 

In  a  given  gully,  for  example,  a  double-fence 
dam  with  an  effective  height  of  1.8  m  costs  only 
about  four  times  as  much  as  a  0.3  m  loose-rock 
dam,  while  a  wire-bound  dam  1.8  m  high  costs 
8.5  times  as  much.  Costs  will  change  with  dif- 
ferent sizes  and  gradients  of  gullies,  but  the 
general  relationships  will  not  change. 

It  is  obvious  that  the  cost  of  installing  a 
complete  gully  treatment  increases  with  gully 
gradient  because  the  required  number  of  dams 
increases.  Figure  30  indicates  there  is  one  effec- 
tive dam  height  at  which  the  cost  is  lowest.  In 
the  sample  gully,  this  optimum  height  for  loose- 
rock  dams  is  about  0.6  m,  for  single-fence  dams 
0.7  m,  and  for  double-fence  dams  1.1  m.  A  con- 


Figure  28.— Using  clamshell  to 
place  rock  into  a  double- 
fence  dam.  The  man  steadies 
the  clamshell  with  a  long 
rope. 
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Figure  29.  — Installation  cost  of  four  different  types 
of  check  danns  as  a  function  of  effective  dann 
heigfit.  Thie  cost  ratio  is  the  cost  of  a  dann  related 
to  the  cost  of  a  loose-rock  dam,  0.3-nn-high,  built 
with  angular  rock. 

stant  gully  cross  section  was  assumed.  In  reality, 
of  course,  gully  cross  sections  usually  change 
between  dam  sites.  The  optimum  height  for 
lowest  treatment  costs  is  not  a  constant,  but 
changes  between  gullies,  depending  on  shape  and 
magnitude  of  the  gully  cross  sections  at  the  dam 
sites. 

Since  the  cost  of  the  dam  is  directly  propor- 
tional to  the  rock  volume,  figure  30  also  expresses 
the  relationship  between  rock  requirement  and 
effective  dam  height.  This  means  that,  in  a  given 
gully,  there  is  one  dam  height  at  which  rock  re- 
quirements for  a  treatment  are  smallest. 

A  treatment  cannot  be  evaluated  on  the 
basis  of  cost  of  installation  alone,  because  recog- 
nition of  benefits  is  part  of  the  decisionmaking 
process.  Sediment  deposits  retained  by  check 
dams  can  be  incorporated  into  a  cost  ratio  that 
brings  one  tangible  benefit  into  perspective. 
Sediment  has  been  cited  as  the  nation's  most 
serious  pollutant  (Allen  and  Welch  1971).  The 
sediment-cost  ratio  increases  (treatment  is  in- 
creasingly beneficial)  with  dam  height  and  de- 
creases with  increasing  gradient  (fig.  31).  The 
example  in  figure  31  shows  that  a  treatment 
consisting  of  loose-rock  dams  on  a  2  percent 
gradient  has  a  sediment-cost  ratio  larger  than 
1.0  for  effective  dam  heights  of  0.75  m  and  above. 


27 

"    Loose 

rock  doms 

Gjlly  gradit 

nl  22%  , 

25 

/ 

23 

/ 

21 

19 

17 

^ 

y 

15 

IS 

18V.. 

II 

14%/ 

9 

V 

^^ 

-^ 

7 

^ 

10%^ 

s 

^ — 



^^^ 

o 

• 
E 

3 
O 

5 
3 

^- 

---' 

R% 

> 

2% 

■o 

Wire -bound 
loose  rock  doms 

(COSI  rotioonly) 


Gully  g»oaienl22'>,< 


03        06 


09 


12  15  18  06  09 

Effective  dom  height  (meters) 


Figure  30.  — Relative  cost  of  installation  of  check- 
dam  treatments  and  relative  angular  rock  volume 
requirements  in  gullies  with  different  gradients 
as  a  function  of  effective  dam  height.  The  cost 
and  rock  volume  ratios  relate  the  cost  and  rock 
volume  of  a  treatment  to  those  of  a  treatment 
with  loose-rock  dams  0.3  m  high  installed  on  a 
2  percent  gradient. 

The  large  ratio  is  explained  by  the  fact  that  a 
gully  with  a  2  percent  gradient  requires  only  a 
small  number  of  dams  (see  fig.  21),  while  volumes 
of  sediment  deposits  do  not  decrease  significantly 
with  number  of  dams  or  with  gradient. 

Since  single-fence  and  double-fence  dams  cost 
less  than  loose-rock  and  wire-bound  loose-rock 
dams  for  an  effective  height  greater  than  0.3  in, 
the  sediment-cost  ratio  is  more  favorable  for  the 
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Figure  31.— The  sediment-cost 
ratio  relates  the  value  of  the 
expected  sediment  deposits 
to  the  cost  of  treatment.  The 
grapfis  show  this  ratio  as  a 
function  of  effective  dam 
height  on  gully  gradients 
ranging  from  2  to  22  percent. 
The  base  cost  was  taken  as 
$20/m^  of  angular  rock  dam; 
the  value  of  1  m^  of  sediment 
deposits  was  assumed  to  be 
one-tenth  of  that  cost. 
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fence-type  structures.  The  ratios  remain  smaller 
than  1.0  on  all  gradients  larger  than  5  percent  for 
treatments  with  loose-rock  and  wire-bound  loose- 
rock  dams,  and  on  gradients  larger  than  7  and  9 
percent  for  treatments  with  single-fence  and 
I  double-fence  dams,  respectively. 

The  importance  of  sediment-cost  ratios  in 
'.  relation  to  gully  gradient  and  effective  dam  height 
i  becomes  apparent  in  situations  where  not  all 
igullies  of  a  watershed  can  be  treated.  Gullies 
with  the  smallest  gradient  and  largest  depth, 
and  highest  possible  fence-type  dams  should  be 
chosen  if  other  aspects  such  as  access  or  esthetic 
value  are  not  dominant. 

Other  Gully  Control  Structures  and  Systems 

^onporous  Check  Dams 

Rock  can  be  used  for  the  construction  of  wet 
lasonry  dams.  Limitations  in  available  masonry 


skills,  however,  may  not  permit  this  approach. 
A  prefabricated  concrete  dam  was  designed 
(Heede  1965b)  and  a  prototype  installed  in  Colo- 
rado (see  fig.  10).  It  required  very  little  time  and 
no  special  skills  for  installation  (fig.  32).  The 
capital  investment  for  this  dam  is  larger  than 
for  a  rock  structure,  however.  A  prestressed  con- 
crete manufacturer  must  be  available  reasonably 
close  to  the  project  area,  and  the  construction 
sites  must  be  accessible  to  motorized  equipment. 
Where  esthetic  considerations  and  land  values 
are  high— recreational  sites  and  parks,  for  example 
—a  prestressed,  prefabricated  concrete  check  dam 
may  be  the  answer. 

Many  different  designs  of  concrete  dams  for 
torrent  control  were  pubhshed  in  recent  years. 
Some  references  are:  Fattorelh  (1970,  1971). 
PugUsi  (1970),  Benini  et  al.  (1972),  lUFRO- Work- 
ing Group  on  Torrents,  Snow  and  Avalanches 
(1973).  Nearly  all  torrent  dams  would  be  over- 
designed  if  installed  in  western  guUies,  however. 
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Figure  32.  — Placement  of  a  pre- 
stressed  concrete  slab  against 
the  buttresses  of  a  prefabri- 
cated dam  on  Alkali  Creek 
watershed.  Backhoe  proved 
to  be  sufficient  for  excava- 
tion of  key  and  for  structural 
installation.  View  is  down- 
stream. 


Check  dams  may  also  be  built  from  corru- 
gated sheet  steel.  For  successful  application,  a 
pile  driver  is  required  to  assure  proper  fit  of  the 
sheets.  Excavating  trenches  for  the  sheets  jeopar- 
dizes dam  stability  if  the  refill  is  not  compacted 
sufficiently.  Quite  often,  insufficient  depth  of  soil 
above  the  bedrock  does  not  permit  this  dam  type. 


Earth  Check  Dams 

Earth  check  dams  should  be  used  for  gully 
control  only  in  exceptional  cases.  Basically,  it 
was  the  failure  of  the  construction  material,  soil, 
that— in  combination  with  concentrated  surface 
runoff— caused  the  gully.  Gullies  with  very  little 
flow  may  be  an  exception  if  the  emergency  spill- 
way safely  releases  the  flow  onto  the  land  out- 
side the  gully.  The  released  flow  should  not  con- 
centrate, but  should  spread  out  on  an  area  stabil- 
ized by  an  effective  vegetation  cover  or  by  some 
other  type  of  protection  such  as  a  gravel  field. 
Most  guUied  watersheds  do  not  support  areas 
for  safe  water  discharge. 

Standpipes  or  culverts  in  earth  check  dams 
generally  create  problems,  because  of  the  danger 
of  clogging  the  pipe  or  culvert  inlet,  and  the  diffi- 
culty in  estimating  peak  flows.  Therefore,  addi- 
tional spillways  are  required. 

If  soil  is  the  only  dam  material  available, 
additional  watershed  restoration  measures  (such 
as  vegetation  cover  improvement  work  and  con- 
tour trenches)  should  be  installed  to  improve  soil 
infiltration  rates,  to  enhance  water  retention  and 
storage,  and  thus  decrease  magnitude  and  peak 
of  gully  flows. 


Vegetation-Lined  Waterways 


With  the  exception  of  earth  check  dams, 
gully  control  measures  described  previously 
treat  the  flow  where  it  is— in  the  gully.  In  con- 
trast, treatments  by  waterways  take  the  water 
out  of  the  gully  by  changing  the  topography 
(figs.  33,  34).  Check  dams  and  waterways  both 
modify  the  regimen  of  the  flow  by  decreasing  the 
erosive  forces  of  the  flow  to  a  level  that  permits 
vegetation  to  grow.  In  waterways,  however,  flow 
is  modified  compared  with  the  original  gully,  in 
two  ways  (Heede  1968a):  (1)  Lengthening  the 
watercourse  results  in  a  gentler  bed  gradient; 
and  (2|  widening  the  cross  section  of  flow  provides 
very  gentle  channel  side  slopes.  This  latter  mea- 
sure leads  to  shallow  flows  with  a  large  wetted 
perimeter  (increase  in  roughness  parameter).  Both 
measures  substantially  decrease  flow  velocities, 
which  in  turn  decrease  the  erosive  forces. 

Contrasted  with  check  dam  control,  water- 
way projects  strive  to  establish  a  vegetation  i 
cover  when  land  reshaping  is  finished.  Indeed,  a 
quick  establishment  of  an  effective  vegetation 
lining  is  the  key  to  successful  waterways.  It  fol- 
lows that  the  prime  requisites  for  a  successful  ! 
application  are  precipitation,  temperature,  and 
fertihty  of  soils,  all  favorable  to  plant  growth. 
Other  requisites  are: 

1.  Size  of  gully  should  not  be  larger  than  the  « 
available  fill  volumes; 

2.  Width  of  valley  bottom  must  be  sufficient 
for  the  placement  of  a  waterway  with  greater 
length  than  that  of  the  gully; 
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Figure  33.  — Looking  upstream  on 
gully  No.  6  of  Alkali  Creek 
watershed  before  treatment, 
November  14,  1961.  Mean 
gully  depth  was  0.9  m  and 
mean  width  from  bank  to 
bank  4.0  m. 


Figure  34.— Repeat  photograph 
of  figure  33  taken  on  Sep- 
tember 2,  1964,  three  grow- 
ing seasons  after  conversion 
of  gully  to  vegetation-lined 
waterway.  The  annual  pioneer 
cover,  consisting  mainly  of 
ryegrass  (Lolium  sp.,  annual 
variety)  has  been  replaced 
by  perennial  herbaceous 
plants  —  smooth  brome 
(Bromus  inermis)  and  inter- 
mediate wheatgrass  (Agro- 
pyron  intermedium)  are  the 
main  species. 


3.  Depth  of  soil  mantle  adequate  to  permit 
shaping  of  the  topography;  and 

4.  Depth  of  topsoil  sufficient  to  permit  later 
preading  on  all  disturbed  areas  (fig.  35). 

Design  criteria  or  prerequisites  in  terms  of 
ydraulic  geometry  are  not  yet  available,  but  the 
terature  discussed  below  is  relevant. 

Few  studies  are  available  on  flow  in  vegeta- 
jion-hned  channels  or  waterways.  The  investiga- 
ion  by  Ree  and  Palmer  (1949)  may  be  a  classic, 
['hey  planted  grasses  that  are  widespread  in  the 
outheastern  and  southcentral  States.  Outdoor 
)est  channels  and  flumes  were  located  in  the  Pied- 
jiont  plateau,  South  Carolina.  Permissible  ve- 
cities   (threshold   values   before  beginning  of 
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erosion)  were  established.  The  study  gained 
valuable  insight  into  the  change  of  the  roughness 
parameter  (n)  with  the  growth  of  the  grasses.  The 
species  they  used  do  not  normally  grow  in  the 
West,  however. 

Parsons  (1963),  basing  his  work  on  that  of 
Ree  and  Palmer  (1949),  estabUshed  equivalent 
stone  sizes  for  Bermudagrass  streambank  linings 
by  relating  the  allowable  shear  stress  on  the  grass 
lining  to  equivalent  stone  diameter.  Useful  guid- 
ing principles  for  successful  application  of  vegeta- 
tion for  stream  bank  erosion  control  were  given. 

Kouwen  et  al.  (1969)  avoided  the  Ree  and 
Palmer  (1949)  method  of  empirically  representing 
the  functional  relationships  between  Manning's 
(n)  and  the  relevant  flow  parameters.  Instead, 
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Figure  35.— Topsoil  is  removed 
from  the  construction  area 
and  saved,  to  be  spread  later 
on  the  finished  waterway. 
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they  derived  a  quasi-theoretical  equation  for  flow 
and  vegetation  condition  in  a  channel  as  follows: 


V 

^  =  Ci  +  C2 


-it) 


(44) 


where  V  is  the  mean  velocity  of  flow,  and  u^  is 
the  shear  velocity  defined  as  (gR,Si)'"  (g  repre- 
sents acceleration  due  to  gravity,  R,  is  the  hy- 
draulic radius,  and  S,  is  the  energy  gradient). 
C,  is  a  parameter  that  depends  on  the  density  of 
the  vegetation,  while  Cj  is  a  parameter  that  de- 
pends on  the  stiffness  of  the  vegetation.  A  is  the 


area  of  the  channel  cross  section;  Ay  represents 
the  area  of  the  vegetated  part  of  the  cross  section. 


The  investigators  could  not  estabUsh  design 
curves  or  tables,  thus  practical  application  is  not, 
yet  feasible. 

Vegetation-lined  waterways  require  exac 
construction  and  therefore  close  construction 
supervision  (fig.  36),  and  frequent  inspections 
during  the  first  treatment  years.  The  risk,  inherent 
to  nearly  all  types  of  erosion  control  work,  is 
greater  for  waterways  at  the  beginning  of  treat- 
ment than  for  check  dam  systems.  To  offset  this 
risk,  in  Colorado  19  percent  of  the  original  cost 
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Figure  36.— A  sheep-foot  roller 
pulled  by  a  small  tractor 
compacts  the  fill  in  the  gully. 
Fill  was  placed  in  layers  0.15 
to  0.30  m  thick. 


roc 
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of  installation  was  expended  for  maintenance, 
while  for  the  same  period  of  time,  only  4  percent 
was  required  at  check  dams  (Heede  1968b). 

Eight  percent  less  funds  were  expended  per 
linear  meter  of  gully  for  construction  and  mainte- 
nance of  grassed  waterways  than  for  check  dams. 
This  cost  difference  is  not  significant,  especially 
if  the  greater  involvement  in  waterway  mainte- 
nance is  recognized.  In  deciding  on  the  type  of 
gully  control,  one  should  consider  not  only  con- 
struction costs  but  also  risk  of  and  prerequisites 
for  vegetation-Uned  waterways. 


Summary  of  Design  Criteria 
and  Recommendations 

Spacing  decreases  with  increasing  gully  gra- 
dient and  increases  with  effective  dam  height 
(see  fig.  20).  Number  of  check  dams  increases 
with  gully  gradient  and  decreases  with  increasing 
effective  dam  height  (see  fig.  21).  Expected  vol- 
umes of  sediment  deposits  increases  with  effec- 
tive height  (see  fig.  22). 

For  practical  purposes,  gully  gradients  rang- 
ing from  1  to  30  percent  do  not  influence  volumes 
of  sediment  deposits  in  a  treatment.  On  gradients 
larger  than  30  percent,  sediment  catch  decreases 
more  distinctly  with  increasing  gradient. 

Rock  volume  requirements  are  much  larger 
for  loose-rock  and  wire-bound  loose-rock  dams 
than  for  fence-type  dams.  At  effective  dam  heights 
larger  than  0.6  m,  treatments  with  double-fence 
dams  require  smallest  amounts  of  rock  (see  fig.  24). 

At  effective  dam  heights  larger  than  about 
0.5  m,  loose-rock  and  wire-bound  loose-rock  dams 
are  more  expensive  than  fence-type  dams.  The 
difference  in  cost  increases  with  height  (see  fig.  29). 
Single-fence  dams  are  less  expensive  than  double- 
fence  dams  at  effective  heights  up  to  1.0  m. 

Regardless   of  gradient,   in   a   given   gully, 
there  is  one  effective  dam  height  for  each  type 
of  structure  at  which  the  cost  of  treatment  is 
lowest  (see  fig.  30).  For  each  type  of  treatment, 
rock  requirements  are  smallest  at  the  optimum 
1  effective  dam  heights  for  least  costs  (see  fig.  30). 
iThe  sediment-cost  ratio  (the  value  of  expected 
!  sediment  deposits  divided  by  the  cost  of  treat- 
jment)  increases  with  effective  dam  height  and 
i  decreases   with   increasing   gully   gradient   (see 
fig.  31).  At  effective  dam  heights  of  about  0.6  m 
and  larger,  single-fence  dams  have  a  more  pro- 
nounced beneficial  sediment-cost  ratio  than  loose- 
rock  or  wire-bound  loose-rock  dams.  At  effective 
dam  heights  of  1 . 1  m  and  larger,  treatments  with 
double-fence  dams  have  the  largest  sediment-cost 
jratios  (see  fig.  31). 
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SYMBOLS 


=  angle  corresponding  to  the  gully  gra- 
dient. 
=  area  of  the  channel  cross  section. 
=  angle  of  repose  of  rock. 
=  area  of  the  vegetated  part  of  the  cross 

section. 
=  breadth  of  loose  rock  or  wire-bound 

loose-rock  dams,  measured  at  one-half 

of  the  depth  of  the  spillway. 
-  breadth  of  single-fence  dams,  measured 

at  one-half  of  the  depth  of  the  spillway. 
=  discharge  coefficient,  taken  at  1.65. 
=  constant  whose  value  depends  on  the 

watershed  configuration. 
=  parameter   depending   on   density   of 

vegetation. 
=  parameter  depending  on  stiffness  of 

vegetation. 
=  constant   whose   value   changes   with 

groups  of  gully  gradients. 
=  constant  in  Huxley's  growth  law. 
=  depth  of  gully. 
=  sieve  size  which  allows  65  percent  of 

rocks  to  pass  through. 
=  constant   whose   value   changes   with 

groups  of  gully  gradients. 
=  constant  in  Huxley's  growth  law. 
=  advancement  rate  of  the  gully. 
=  constant   whose   value  changes   with 

groups  of  gully  gradients. 
=  gully  gradient  in  percent. 
=  acceleration  due  to  gravity,  taken  as 

9.81  m/sl 
=  specific  weight  of  the  fluid. 

=  head  of  flow  above  weir  crest. 
=  total  height  of  dam. 
=  effective  height  of  dam,  the  elevation 
of  the  crest  of  the  spillway  above  the 
original  gully  bottom. 
=  depth  of  spillway  of  a  dam  installed  in 

a  rectangular  or  trapezoidal  gully. 
=  depth  of  spillway  for  a  dam  installed 

in  a  V-shaped  guUy. 
=  constant,    referring    to    the    expected 

sediment  gradient. 
=  effective  length  of  the  weir. 
J  A         =  average  length  of  dam. 
-"AS      ~  effective  length  of  spillway. 
^B         =  bottom  width  of  the  gully. 
jBS      =  bottom  length  of  the  spillway  of  a  dam 
installed  in  a  rectanguleir  or  trapezoidal 
gully. 
'BSV   =  bottom  length  of  the  spillway  of  a  dam 
I  installed  in  a  V-shaped  gully. 


LHE      =  average  length  of  dam. 

Lu  =  width  of  the  gully  between  the  gully 
brinks. 

LUS  =  length  between  the  brinks  of  the  spill- 
way of  a  dam  installed  in  a  rectangular 
or  trapezoidal  gully. 

LUSV  =  length  between  the  brinks  of  the  spill- 
way of  a  dam  installed  in  a  V-shaped 
gully. 

Ml  =  length  of  the  wire  mesh  of  a  wire-bound 
dam. 

MlB  =  length  of  the  wire  mesh  of  the  bank 
protection,  measured  parallel  to  the 
thalweg. 

Mld  =  length  of  the  wire  mesh  for  a  double- 
fence  dam. 

Myf  =  width  of  the  wire  mesh  of  a  wire-bound 
dam,  measured  parallel  to  the  thalweg. 

Nb  =  number  of  fenceposts  of  the  bank  pro- 
tection work. 

NdF  "=  number  of  fenceposts  of  the  dam  proper 
of  a  double-fence  dam. 

NSF  =  number  of  fenceposts  of  the  dam  proper 
of  a  single-fence  dam. 

n  =  Manning's  roughness  coefficient. 

P  =  wetted  perimeter. 

Q  =  rate  of  the  peak  flow  in  m^/s,  based  on 

the  design  storm. 

q  =  rate  of  the  peak  flow  in  m^/s  per  unit 

width  of  spillway. 

u^  =  shear  velocity  [(g  R,S,)"^. 

R  =  constant,  representing  the  depth  of  key. 

Ri  =  hydraulic  radius. 

u)  =  stream  power  per  unit  length  of  gully. 

S  =  spacing  of  check  dams. 

Si  =  energy  gradient. 

T  =  tractive  force. 

V  =  mean  stream  velocity. 

Va  =  volume  of  rock  for  the  apron  and  bank 
protection. 

Vc  =  critical  velocity  at  dam  crest. 

VhC     =  volume  of  a  headcut  control  structure. 

V£)F  =  volume  of  the  dam  proper  of  a  double- 
fence  dam. 

Vk        —  volume  of  the  key. 

VlR  =  volume  of  the  dam  proper  of  a  loose- 
rock  dam. 

Vq        =  approach  velocity  of  flow. 

Vs  =  volume  of  sediment  deposits  above 
check  dams. 

VsF  =  volume  of  the  dam  proper  of  a  single- 
fence  dam. 

Vsp  =  volume  of  the  spillway  of  loose  rock 
and  wire-bound  loose-rock  dams. 
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VSDF  =  volume  of  the  spillway  of  a  double- 
fence  dam. 
^SSF    =  volume  of  the  spillway  of  a  single-fence 
dam. 
=  weight  of  rock  related  to  Dgs- 
=  flow  width. 

=  size  of  a  biological  organ. 
=  horizontal  coordinate  of  a  point  on  the 
trajectory,  here  the  horizontal  distance 


W 
w 
X 

X 


between  the  downstream  side  of  the 
spillway  and  the  point  where  the  water- 
fall hits  the  apron. 

y  =  size  of  an  organism. 

Yc         =  critical  depth  of  flow  at  dam  crest. 

z  =  vertical  coordinate  of  a  point  on  the 

trajectory,  here  the  effective  dam 
height. 


42 


Agriculture— CSU,  Fort  CollinS 


^  o 

O  fe 
G      . 

§^ 

o  o 

B-l    r-l     o 

-:,•  5^  "o 
O    CO  i2 

c  >  fc 
=^^  05*^ 

0)   1— ( 


CO  "S 

«  2  o 

O     05 

o 


o    <D    O  I^  +J  ^ 


I  O  ^  •-  ^  C   d)  _c     _ 

6  Sav  "-S  ll  ^^ 


be  a;' 


^  I  ^  g  s  -  -^^ 

O)   _    G   G 


■S  S  o  G 


o 


3^  m  "  tJ 
-t.)  52  3  CO 


oj  X"  G  TJ   G    ,. 
.-  -=    O    -    O    C 


T3  J2  :§  X  ^  ° 

2   o   o   t»        ^    w 
•StS-S    >^    3    S    ^    O    G 
G 

o 


9i    en    ^    D    >    e 


CQ 


2  §  3  o_g 

&£    §^    CO 

G-a  m  co^  ^  :s  ^  ^ 


CO   G 


CO 

6 

CO 
T3 


O 
>-i 
-1^ 
G 
O 
o 

G 
_o 
"35 
o 
u, 
<v 

"o 

a, 
t-i 
o 

H 
o 

be 

g' 
_o 

'm 
O 
)~i 

(D 

cn 


G 

o 

CO 

T3 

O 


&  o 

o  fc 
G 

o  o 

co« 

-u  a  . 

CO    "'f*   lO 

-G  CO 

H  rH  o 


ao  S^  o  fel  "2  CO 
S  G-S  oJ-isi  ^  gj  g 
5  o  ^  •  -  4^  a  cu  --       G 


G    q;_^ 

o  «J 

-Q-Gi2 
'    CO 


O    o  -" 


'§ 


2« 


o 


G  a  G 


o 

coO 


o 

G      >    &H 

G  §     ' 
■5  =  02   ^ 


X  ^  w 


'-I    G 
CO     <D 

CO    S 

§^ 

CO   a; 

■     CO 


S2 

2  a 

2  § 


T-)    CO  X!    S   ^   ° 
5r  t;  -kJ  -G 


0)     O) 

CO  -a  t*H 

o  S  be  ^ 
CO         G   in 


ill 

CO  t^    CO 


CO 


CO 


gH 


"oO    8    G 

(D  «<-(  ^ 
O    G 


G    CO 

8.S 


CO  73 
3    0^ 


^    -    rt 

•«  ;^  CO 

G 

o 


&b" 


"^  0  S 

«  JO    CO 
CO    D* 


CO 


O 
;^ 
-k:> 
G 
O 

CJ 

G 

'35 
o 

_o 
"o 

-G 
& 

o 

E 
o 

0) 

be 

g' 
o 

o 


^    O 

O    tlH 

G      . 

ts 

o  o 

CO  "*  10 
-G  CO 

H  rH  d 
-1h-  5  "o 

tJ        .     CO 

C    «" 
G    S     ' 

3  S^ 


^3^  «  !33  §  «:S 
2i2  g  5  3  ^  1^  P 


iL     CO     C     -J     3  (U     O 

Q.-2    ^    o  Zj    is    >    "  'O      • 
.IhG3S     .     -u-^3+J 
co-«x!Cgi,ocoG 

o  o  -g  o  a^j  CO  g  o  3 
E&agS§gEa| 


-a 


—  -'>-<  a, 

Scoco^         gcoo^SG 

i^-|^S82E|| 

3  E  ^.2  ^  §  ^  g  S;^ 

•2  «.E  t--^^  w'O  a>'*s2 
-3  ■5^  q3  «  3  «  ^  o  G 

•^  o  5  8  --  I  .a  ^  .2  (i 

§&b£G^S^co>-^ 


CO 

E 

CO 
T3 


G 
O 
o 

G 
0 
'co 
O 

Ih 
<D 


ff  B  ^ 

G   «3  3 


CO  ^ts-g-^ 


CO 

-  Pi 


Cv-bOH-GO-S^ 

""  hD  2  5?  •§  "^  »  '^  '^  bi) 

>.^0>3^g_3O^ 

^G-SgS^ojWcI^wG 

3i    O    >    ^    0|    ^  « 

^    ft^  t5    G    cb^lS    =«    S 

Gid  0)  0-2  ^  \S  ^  ^ 


o 

o 

E 
o 

S^ 
be 

g' 
_o 

'm 
O 

0) 
OT 

a 
3 
o 
06 

la 
O 


GJoG-^-iSoScoccG       :3 

H      ="  S.  3  2  Oh  G  ,2  r     3 


o 


CO 

oTco-^-^ 


m 


OJ   1— ( 


==   o   G 


O 


^  2jS 
£■3*03 


0^  5  o 

m   G  o 
oj  o 


CO  -fci      «-! 

CD  CO    o 

G  2    * 

QJ  ^    CO 

b  <u  t"  «  "^ 

.,    CO    0)  £3  _2  -o 

2    O  -^  O  -S    G 

«  -2  ^s  ^  J3 


J' 
be 

CO 

G 

CO 

E 


3 
O 

CO 
•V 

o 

>> 

U3 


■^     .    to 

^   coO 
5  a; 


05 


o 


G 

-2  ^-^ 
'2'§<w 

bCT3 


I'liliiili 

"  —     ..    -    O    g 


G   3 

8a 


^  o  G 


DQ 


3  s  be-;;  ^  §  "  g 

-311   1^    3    «^   ^    ;g 

■r  2  -2     £  G  .2  ^  .2  S) 
g  fc)2  g^l^  «  ^-g 

««  Ce    CO   gjaJa3^-3   Z, 

g«§?-3^£S.§-S 

—1  ^—4     —     (^^CflV/l^/T<C 


■^  S:  S 

D    1—4 


-,  ^  ^  be 

jsj  ?>JS  "  CO 

(D    G    O    y    (D  CO  G 

>   m  o  S  '■ 


CO 


2  2iS2§-|.gl| 

a  TS    <D    CO^    &S    ^JS 


CO 

E 

CO 
T3 


O 

G 
O 
y 

G 
o 

CO 

O 
U4 

O) 

-G 

a 
ui 
o 

E 
o 

bo 

g' 
o 

OT 
O 
ll 
(H 

CO* 

a 
3 
o 

CO 
"V 

u 
o 


''-ytfS 


~\.^^^^- 


■^. 


•^^^>2^, 


P 


<7*  '    I    "  •   I  \  I  »  \ 


Rocky  Mountain  Forest  and 
Range  Experiment  Station 
Forest  Service 

U.S.  Department  of  Agriculture 
Fort  Collins,  Colorado  80521 


Forest  Vegetation  of  the 
Bighorn  Mountains,  Wyoming: 
A  Habitat  Type  Classification 


USDA  Forest  Service 
Research  Paper  RM-170 

<^ugust  1976 


George  R.  Hoffman  and  Robert  R.  Alexander 


Abstract 

Hoffman,  George  R.,  and  Robert  R.  Alexander. 

1976.  Forest  vegetation  of  the  Bighorn  Mountains.  Wyoming:  A  habi- 
tat type  classification.  USDA  For.  Serv.  Res.  Pap.  RM-170,  38  p. 
Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort  Collins,  Colo.  80521. 

A  vegetation  classification  based  on  concepts  and  methods  devel- 
oped by  Daubenmire  was  used  to  identify  14  habitat  types  and  related 
phases  in  the  Bighorn  Mountains  of  north-central  Wyoming.  Included 
were  five  habitat  types  in  the  Pinus  ponderosa  series,  three  in  the  Abies 
lasiocurpa  series,  two  each  in  the  Pseudotsuga  menziesii  and  Pinus 
contorta  series,  and  one  each  in  the  Populus  trcniuloidcs  and  Picea 
engelmannii  series.  A  key  to  identify  the  habitat  types  and  the  manage- 
ment implications  associated  with  them  are  provided. 

Keywords:  Vegetation  classification,  Abies  lasiocarpa.  Picea  etigel- 
mannii,  Pinus  contorta,  Pinus  ponderosa,  Pseudotsuga  menziesii, 
Populus  tremuloides. 


Foreword 

In  1972  Prof.  Hoffman  began  a  detailed  study  of  the  forest  vegetation 
of  the  Bighorns  under  a  cooperative  agreement  with  the  U.S.  Forest 
Service  Region  2  and  the  Rocky  Mountain  Forest  and  Range  Experiment 
Station.  The  results  reported  here  are  intended  for  two  primary 
audiences:  forest  managers  who  want  a  working  tool  to  use  in  the 
Bighorn  Mountains,  and  ecologists  who  want  a  research  tool  to  use  in 
related  studies.  Thus  management  implications  are  included  for  the 
foresters,  and  detailed  undergrowth  data  are  tabulated  in  the  appendix 
for  the  ecologists.  Not  all  readers  will  find  each  category  of  information 
to  be  of  equal  value.  We  have  spelled  "Bighorn"  as  one  word  thro'ighout 
the  report  for  consistency;  we  recognize  that  "Big  Horn"  is  also  appro- 
priate for  several  geographic  names. 
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parks.  Cloud  Peak  Wilderness  Area  is  in  far  background. 
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Figure  1.  — Bighorn  Mountain  study  area,  numbers  indicate  location  of  study  plots. 


George  R.  Hoffman  and  Robert  R.  Alexander 


The  forest  vegetation  of  the  Bighorn  Mountains  in 
north-central  Wyoming  has  been  studied  less  inten- 
sively than  vegetation  elsewhere  in  the,  Rocky  Moun- 
tains. While  forest  vegetation  of  the  Bighorns  is 
similar  in  many  respects  to  that  of  the  main 
Cordilleran  chain,  there  are  important  differences 
because  this  isolated  spur  of  mountains  some  280  km 
(175  miles)  east  of  the  main  Rockies  is  surrounded  by 
steppe  and  shrub-steppe  vegetation. 

Earlier  studies  in  the  Bighorn  Mountains  empha- 
sized the  quality,  abundance,  and  distribution  of 
important  forest  trees;  grazing  potential  of  under- 
story  vegetation  (Town  1899,  Jack  1900);  and  the 
relationship  of  vegetation  to  climate  and  soils 
(Rolston  1961,  Despain  1973).  The  general  vegeta- 
tion zonation  is  similar  to  much  of  the  Rockies 
(Daubenmire  1943.  Porter  1962),  but  no  attempt  has 
been  made  to  classify  these  forests  into  units  of 
similar  vegetation  and  like  biological  potential. 

This  cooperative  study  was  started  in  1972  to  (1) 
identify  and  describe  forest  habitats  of  the  Bighorns, 
(2)  describe  successional  patterns  of  forest  vegeta- 
tion. (3)  relate  topographic  and  edaphic  factors  to 
the  habitat  types,  and  (4)  relate  Bighorn  habitat 
types  to  those  of  surrounding  areas.  The  habitat  type 
classification,  completed  in  1975,2  is  based  on  con- 
cepts and  methods  developed  by  Daubenmire  (1952) 
and  extended  and  modified  by  Daubenmire  and 
Daubenmire  (1968),  Reed  (1969),  Pfister  and  others 
(1974)  and  Wirsing  and  Alexander  (1975). 


THE  STUDY  AREA 
Geography  and  Geology 

The  Bighorn  Mountains  of  north-central  Wyoming 
are  bordered  on  the  east  by  the  Powder  River  Basin 
and  on  the  west  by  the  Bighorn  River  Basin  (fig.  1). 
On  the  north  are  the  Pryor  Mountains,  while  the 
Owl  Mountains  lie  to  the  southwest.  The  east  and 
west  basins  range  in  elevation  from  900  to  1,200  m 
(2,952  to  3,936  ft).  The  Bighorn  Mountains  rise  from 
the  plains  to  a  maximum  elevation  of  4,016  m 
(13,172  ft)  at  the  summit  of  Cloud  Peak.  The  total 
mountain  range  is  some  190  km  (120  miles)  long  and 
30  to  50  km  (20  to  30  miles)  wide. 

The  Bighorn  Mountain  range,  a  relatively  simple 
asymmetric  anticline,  is  naturally  divided  into 
northern,  middle,  and  southern  segments.  During 
formation,  the  northern  and  southern  segments  were 
thrust  to  the  west  and  the  middle  segment  was  thrust 
to  the  east.  In  the  middle  segment,  the  exposed  core 
of  Precambrian  granites  forms  the  highest  peaks. 
The  northern  and  southern  segments  are  overarched 
by  sedimentary  rock  that  forms  elevated  plateaus. 
Steeply  inclined  sedimentary  strata  flank  the  core  on 
the  east  and  west.  Some  glaciation  occurred  during 
the  Pleistocene,  but  glaciers  extending  downslope 
did  not  reach  the  basin  floor. 


Climate 


'Hoffman,  George  R.  Forest  vegetation  of  the 
Mghorn  Mountains,  Wyoming:  A  habitat  type 
lassification.  135  p.  Unpublished  report  on  file  at 
le  Rocky  Mountain  Forest  and  Range  Experiment 
\tation. 


Precipitation  in  the  Bighorn  Mountains  increases 
with  elevation.  Mean  annual  precipitation  varies 
from  about  38  cm  (15  inches)  at  1,524  m  (5.000  ft) 
elevation  in  the  Pinus  ponderosa  forest  zone  to  about 
63  cm  (25  inches)  at  2,744  m  (9,000  ft)  in  the  Picea 
engelmannii-Abies  lasiocarpa  forest  zone.  At  lower 
elevations,  most  precipitation  falls  as  rain  during  the 
months  of  April  through  September.  At  the  higher 
elevations,  precipitation  is  more  equally  distributed 
throughout  the  year,  but  a  higher  proportion  falls  as 
snow. 

Mean  annual  temperature  in  the  Pinus  ponderosa 
zone  is  about  7°C  with  a  maximum  range  of  -40°C 
to  43°C.  In  the  Picea  engelmannii-Abies  lasiocarpa 
forest  zone,  mean  annual  temperature  is  about  2°C 


with  a  range  of  -46°C  to  about  32°C.  Climographs 
(fig.  2)  describe  mean  temperature  and  precipitation 
of  the  eastern  and  western  basal  plains,  lower 
timberline  on  the  eastern  flank  of  the  mountains, 
and  the  Abies  lasiocarpa  zone. 


METHODS 
Field  Sampling 

Preliminary  work  in  the  Bighorn  Mountains  was 
begun  in  the  summer  of  1972  with  a  reconnaissance 
survey  to  gain  familiarity  with  possible  forest  habitat 
types,  and  to  collect  plant  species  throughout  the 
various  habitat  types.  A  list  of  possible  study  sites 
was  noted  with  brief  descriptions. 


During  the  summers  of  1973  and  1974,  field  work 
was  conducted   in  93  stands  selected   for   intensive 
sampling.  These  stands  were  mostly  old-growth  and 
climax  or  in  late  serai  stages  of  succession.  They  were 
representative  of  the  forest  communities  character- 1 
ized  by  the  following  tree  species:  Pitius  ponderosa,  \ 
Pseudotsuga  nienziesii,   Populus  tremuloides,  Pinus'. 
contorta.  Abies  lasiocarpa  and  Picea  engelmannii.      \ 

In  each  stand,  a  15-by  25-m  plot  was  laid  out  with 
the  long  dimension  parallel  to  the  contour,  and  soj 
located  in  the  stand  to  avoid  ecotones  and  dis- 
turbances. Each  375  m'  plot  was  then  subdivided! 
into  three  5-by  25-m  macroplots.  Within  each  375-m^ 
plot,  all  trees  taller  than  1  m  were  measured  atj 
breast  height  and  recorded  by  1-dm  classes.  Trees | 
less  than  1  m  tall  were  counted  in  two  1-by  25-m] 
transects  along  the  inner  sides  of  the  central  macro- 1 
plot. 
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Figure  2.— Climographs  of  mean 
temperature  and  precipitation 
from  (A)  east  basal  plain,  (B) 
west  basal  plain,  (C)  lower  tim- 
berline along  eastern  flank,  and 
(D)  Abies  lasiocarpa  zone  near 
Burgess  Junction. 
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Canopy  cover  of  the  understory  shrubs,  forbs,  and 
graminoids  was  estimated  in  fifty  2-by  5-dm  micro- 
plots  placed  systematically  along  the  inner  sides  of 
the  central  macroplot.  Canopy  coverage  of  each 
species  was  recorded  as  one  of  six  coverage  classes 
(1-5,  6-25,  26-50,  51-75,  76-95,  96-100  percent).  Also 
listed  were  those  species  not  occurring  in  the  50 
microplots,  but  present  within  the  375-m'  plot. 

Finally,  25  cores  representing  the  upper  dm  of  the 
mineral  soil  were  collected  from  each  stand.  These 
samples  were  air  dried  in  the  field,  then  composited 
for  laboratory  analysis. 


Analysis  of  Data 

Tree  size  class  data  were  combined  according  to 
habitat  type,  and  mean  values  for  each  size  class  in 
each  habitat  type  were  recorded.  (Table  3,  appen- 
dix). 

For  each  microplot  examined,  the  midpoints  of 
the  coverage  classes  were  used  to  calculate  average 
percent  coverage  for  each  shrub,  graminoid,  and 
forb  species.  Frequency  was  also  determined  for 
each  species.  (Coverage  and  frequency  data  for  all 
understory  species  plus  site  data  are  shown  in  tables 
4  through  8  in  the  appendix).  Species  coverage  and 
selected  stand  characteristics  were  then  transferred 
to  an  association  table.  Stands  were  arranged  and 
rearranged  to  group  stands  with  similar  floristic 
composition  and  climax  tree  species.  Habitat  type 
separation  was  based  on  a  consideration  of  both 
overstory  and  major  shrubs,  graminoids,  and  forbs. 
Finally,  distinctive  minor  floristic^  differences  were 
used  to  differentiate  phases.  (For  further  details  on 
the  method  of  analysis  see  Daubenmire  1952  and 
Daubenmire  and  Daubenmire  1968). 

Soil  texture  was  determined  by  a  modified 
Bouyoucos  method  (Moodie  and  others  1963).  Other 
soil  characteristics  determined  were  pH  (using  a  glass 
electrode  on  the  saturated  soil  paste),  cation  ex- 
j  change  capacity,  and  exchangeable  Ca,  Mg,  K,  and 
iNa  on  the  ammonium  acetate  extract.  Kjeldahl  N 
and  P  were  determined  by  the  Bray  technique  (Chap- 
man and  Pratt  1961). 


Ecologic  Terms  and  Concepts 

Because  terminology  in  ecology  is  not  uniformly 
used  or  understood,  the  terms  and  concepts  used  in 
this  paper  are  defined  as  follow.  Unless  stated 
ptherwise,  all  terms  follow  usage  proposed  by 
Daubenmire  (1968)  and  Daubenmire  and  Dauben- 
tnire  (1968). 

Climax  vegetation  is  that  which  has  attained  a 
teady  state  with  its  environment;  species  of  climax 
egetation    successfully    maintain    their    population 


sizes.  Serai  communities  are  stands  of  vegetation  that 
have  not  attained  a  steady  state;  current  populations 
of  some  species  are  being  replaced  by  other  species. 
All  stands  of  climax  vegetation  that  have  the  same 
overstory  and  understory  dominants  are  grouped  into 
a  single  plant  association.  Plant  associations  having 
the  same  overstory  (climax)  dominants  are  grouped 
into  series. 

Much  of  the  Bighorn  region  has  been  disturbed  by 
fire,  logging,  and  grazing  for  many  years.  Due  to 
disturbance,  much  of  the  land  area  does  not  current- 
ly support  climax  vegetation.  However,  that  land 
area  which  either  supports,  or  has  the  potential  of 
supporting,  a  single  plant  association  is  called  a 
habitat  type.  It  is  possible  that  much  of  the  area  of 
a  habitat  type  will  never  attain  climax  status.  Never- 
theless, it  is  important  to  consider  land  units  in 
terms  of  their  potential  status.  Tree  productivity, 
disease  and  insect  susceptibility,  (Daubenmire  1961), 
and  microclimate  and  soils  are  often  closely  related 
to  habitat  types.  From  the  standpoint  of  basic  as  well 
as  applied  ecology,  the  habitat  type  concept  offers  a 
useful  approach  in  dealing  with  forest  resources. 

Habitat  type  is  the  basic  unit  in  classifying  natural 
vegetation.  Series  is  the  next  higher  category  of 
classification.  For  example,  all  habitat  types  with 
Finns  ponderosa  the  climax  dominant,  are  grouped 
into  the  Finns  ponderosa  series.  The  series  is  more 
than  an  artificial  grouping  of  vegetation  types  using 
the  climax  dominant  as  the  convenient  thread  of 
continuity.  There  is  ecologic  basis  for  grouping 
vegetation  types  into  series  as  defined  here.  For 
example,  Finns  ponderosa  occupies  areas  that  are 
warmer  and  drier  than  areas  where  Psendotsnga 
menziesii  is  climax.  Continuing  higher  into  the 
mountains,  Finns  contorta,  Ficea  engelmannii.  and 
Abies  lasiocarpa  successively  become  the  dominant 
species.  In  the  absence  of  concrete  data  for  the 
Bighorns,  it  is  assumed  that  these  self-perpetuating 
populations  of  dominant  trees  are  related  to  the 
macroclimate,  whereas  the  understory  vegetation  is 
related  more  to  microclimate  and  soils.  Stands  in  a 
series  have  the  same  general  appearance  whether 
they  are  in  the  Bighorns  or  in  nearby  forests  of 
Wyoming,  southern  Montana,  and  western  South 
Dakota.  Habitat  types  within  a  series  are  differ- 
entiated on  the  basis  of  understory  vegetation. 


THE  HABITAT  TYPES 

Pinus  ponderosa  Series 

This  series,  represented  by  10  plots,  occurs  within 
a  range  of  environmental  conditions  where  Finns 
ponderosa  is  the  only  self-perpetuating  tree  species 
(table  1). 


Table  1. --Selected  topographic  and  edaphic  characteristics  of  the  habitat  types  of  the  Bighorn 

Mounta  ins 


Habi  tat  type 


Number  of 
stands      Elevation 
stud  ied 


So  i 1  texture 


ph'      Organic  matter 


Pinus  ponderosa/ 
Agropyron  spicatum 

Pinus  ponderosa/ 
Festuca  idahoensis 


Pinus  ponderosa/ 

Sp  i  raea  betu 1  i  fol  ia 

Pinus  ponderosa/ 

Physcocarpus  monogynus 


Pinus  ponderosa/ 
Juniper  us  communis 

Pseudotsuga  menziesii/ 
Physocarpus  monogynus 


Pseudotsuga  menziesii/ 
Berber  is  repens 


Pseudotsuga  menziesii/ 
Berberis  repens- 

Juniperus  communis  phase   2 


Populus  tremuloides/ 
Lupinus  argenteus 

Pinus   contorta/ 

Arctostaphy los   uva-ursi 


Pinus   contorta/ 

Vaccinium  scoparium 


Picae  engelmannii/ 

Vaccinium  scoparium         1 0 


Abies  lasiocarpa/ 

Shepherdia  canadensis 


Abies  lasiocarpa/ 
Vaccinium  scoparium 


Abies  lasiocarpa/ 
Arn  ica  cord  i  fol  ia 


25 


1829  Sandy    loam 


131 1-1818 

1731-1798 
1^*02-1804 


2158-2609 

2286-2365 

2)i)0-2365 
2390-2512 

23h\  -26^(0 

2012-2621 

252'»-2560 

2300-2830 

25't8-2731 


Loamy    sand- 
sandy    loam 


Sandy    loam 


Loamy    sand- 
loam 


23'»1  Silt    loam 

1878-2012 


Loam-s  i 1 1 
loam 


Loam-s  i 1 1 
loam 


Loamy   sand- 
clay    loam 


Clay    loam 


Sandy    loam- 
loam 


Sandy    loam- 
silt    loam 


Sandy    loam- 
silt    loam 


S  i 1 t-loam 
clay    loam 


Sandy    loam- 
clay    loam 


6.1 


5.9-7. 


6.8 


Percent 
1.76 


6.1-6.5     3. '♦5-  6.21 


6.1-7.4     5.63-12.30 


3.65-12.30 


8.57 


6.8-7.1      7.28-11.40 


6.4-7.7      5.60-11.50 


6.3-6.5      2.33-  5.05 


5.9-6.7     11.30-12.30 


5.4-5.6      1  .71-  4.50 


5.0-5.7      5.59-  7.91 


5.0-5.7      0.57-12.30 


5.5-5.7      4.30-  5. 


4.9-5.8      2. 37-11. 10 


Silty  clay  loam    5. 1-6. 6      7.94-12. 
clay  loam 


^Upper  1  dm  of  so i 


Following  disturbance  in  the  Bighorn  Mountains, 
Pinus  ponderosa  rapidly  reestablishes  itself  with  little 
or  no  competition  from  other  tree  species,  except  for 
an  occasional  Popiilus  tremuloidcs.  Along  the  east- 
ern flank  of  the  Bighorns,  a  well-developed  belt  of 
Pinus  ponderosa  forest  occurs  on  coarse-textured 
soils  at  the  lower  limits  of  coniferous  tree  growth. 
Along  the  southwestern  segment  of  the  Bighorns, 
there  is  a  narrow  belt  of  climax  Pinus  ponderosa 
forest.  However,  because  of  its  limited  extent  and 
open-grown  character,  no  stands  were  sampled. 
These  Pinus  ponderosa  stands  show  no  evidence  of 
succession  toward  a  Pseudotsuga  menziesii  forest. 
Most  of  the  Pinus  ponderosa  along  the  western  side 
of  the  mountains,  however,  appears  to  be  serai  to 
Pseudotsuga  menziesii.  (Tree  population  data  and 
undergrowth  data  for  Pinus  ponderosa  stands  are 
recorded  in  the  appendix,  tables  3  and  4,  respective- 
ly). 


Five  habitat  types  are  recognized  in  the  series. 
Basal  areas  of  P.  ponderosa  in  the  study  plots  ranged 
from  16  to  60  mVha  (71  to  262  ftVacre).  Age 
measured  at  breast  height,  varied  from  58  to  280 
years,  with  a  median  age  of  97  years.  The  full 
extent  of  the  habitat  types  in  this  series  is  difficult  to 
determine  because  of  repeated  and  widespread  fires 
in  the  late  1800's  and  early  1900's. 


Pinus  ponderosa/Agropyron  spicatum 

Description. — Only  one  stand  of  the  Pinus  ponder- 
osa/Agropyron  spicatum  habitat  type  was  sampled, 
but  numerous  others  were  observed  (fig.  3).  This 
habitat  type  occurs  almost  entirely  below  the 
National  Forest  boundary.  It  is  the  driest  and  warm- 
est within  the  Pinus  ponderosa  series,  and  occupies 
south-facing  slopes  along  the  eastern  flank  of  the 
Bighorn  Mountains. 

Due  to  the  harsh  microclimate  of  this  habitat  type, 
tree  reproduction  has  been  sporadic,  resulting  in 
open  patches  of  even-aged  trees.  These  widely  spaced 
trees  permit  considerable  radiation  to  reach  the 
ground.  The  xeric  nature  of  this  habitat  type  permits 
a  luxuriant  growth  of  sun-tolerant  understory 
species. 

The  understory  is  conspicuously  dominated  by 
such  graminoids  as  Agropyron  spicatum.  Aristida 
longiseta,  Carex  filifolia,  Koeleria  cristata,  and 
Stipa  comata.  Shrubs  occuring  in  4  percent  or  more 
of  the  microplots  are  Artemisia  frigida  and  Prunus 
virginiana.  Important  forb  species  are  Viola  nuttallii, 
Antennaria  pan'iflora,  Balsamorhiza  sagittata  and 
Astragalus  succulentus. 

This  habitat  type  is  common  in  Montana  (Ptister 
and  others  1974),  and  in  eastern  Washington  and 
northern  Idaho  (Daubenmire  and  Daubenmire 
1968). 


igure  3. — Pinus  ponderosa/ Agro- 
'\pyron  spicatum  habitat  type  as  it 
occurs  near  lower  timberline  in 
Ithe  Bighorns.  Note  the  widely- 
i spaced  trees  and  the  abundance 
of  the  large  forb,  Balsamorhiza 
sagittata,  at  this  location. 


Management  Implications. — The  Pinus  ponder- 
osa/Agropyron  spicutum  habitat  type  is  marginal  for 
timber  production.  Cutting  will  be  largely  for  scenic 
and  recreation  purposes  or  to  improve  forage 
production.  Stands  can  be  harvested  by  removing  the 
older,  less  vigorous,  and  diseased  trees  by  individual 
tree  or  group  selection,  or  a  sheltenvood  system  can 
be  used  where  stand  conditions  permit.  Tree  repro- 
duction is  likely  to  be  difficult  to  obtain  because  of 
severe  competition  from  understory  species  for 
limited  soil  moisture.  This  habitat  type  is  one  of  the 
best  for  livestock  production.  Herbage  production 
will  vary  from  little  or  nothing  on  depleted  ranges  to 
as  much  as  840  kg  per  ha  (1,500  lbs/acre)  under 
proper  grazing  management.  Big  game  forage  pro- 
duction is  low,  but  the  winter  demand  by  big  game 
may  be  relatively  high,  resulting  in  competition 
between  big  game  and  domestic  animals.  Annual 
runoff  is  less  than  13  cm  (5  inches)  and  the  potential 
for  increasing  streamflow  by  timber  harvesting  is 
low.  The  potential  recreation  and  scenic  values  of 
this  habitat  type  are  relatively  high. 


Pinus  ponderosa/Festuea  idahoensis 

Description. — The  Pinus  ponderosa/Festuea  ida- 
hoensis habitat  type  occupies  less  xeric  areas  than 
the  previous  habitat  type.  It  is  characterized  by  an 
understory  dominated  by  Festuca  idahoensis  (fig.  4). 
Other  important  graminoids  are  Carex  filifolia, 
Agropyron  spicatum,  Bromus  tectorum,  Hespero- 
chloa  kingii,  and  Koeleria  cristata.  Poa  palustris,  P. 


pratensis.  and  Stipa  viridula  are  less  conspicuous. 
Important  shrub  and  forb  species  include  Rhus 
trilobata,  Prunus  virginiana,  Artemisia  frigida.  Rosa 
acicularis,  Symphoricarpos  alhus,  Balsamorhiza 
sagittata.  Cerastium  arvense,  Cystopteris  fragilis, 
Achillea  millefolium.  Anemone  patens,  Antennaria 
rosea,  and  Astragalus  succulentus. 

This  habitat  type,  represented  by  two  stands  in  the 
Bighorn  Mountains,  occurs  on  well-drained  soils  on 
the  warmer,  drier  slopes,  and  can  occur  adjacent  to 
the  P.  ponderosa/ Spiraea  betulifolia  and  P.  ponder- 
osa/Physocarpus  monogynus  habitat  types. 

Although  tree  reproduction  is  more  consistent  over 
time  than  in  the  P.  ponderosa/ Agropyron  spicatum 
habitat  type,  it  seems  to  follow  an  episodic  cycle. 
The  cycle  may  be  due  to  the  relatively  low  rainfall  in 
most  years  which  influences  seed  production  and 
seedling  establishment,  or  to  fires  which  destroy  tree 
seedlings.  With  the  increase  in  fire  protection,  both 
graminoids  and  forbs  compete  more  effectively  than 
tree  seedlings  for  limited  soil  moisture. 

The  P.  ponderosa/Festuea  idahoensis  habitat  type 
has   also   been   reported    in    Montana    (Pfister   and  J 
others    1974),    and     in    eastern     Washington    and- 
northern     Idaho     (Daubenmire     and     Daubenmire 
1968). 

Management  Implications. — The  management: 
implications  for  this  habitat  type  are  similar  to  theu 
Pinus  ponderosa/ Agropyron  spicatum  habitat  type. 
Forage  production  for  livestock  will  be  higher,: 
however,  ranging  from  840  to  1.680  kg  of  herbage: 
per  hectare  (1,500  to  3,000  lbs/acre),  depending; 
upon  range  condition  and  grazing  practices. 


Figure  A.  — Pinus  ponderosa/Festu- 
ea idahoensis  habitat  type.  Near 
the  large  pine  in  the  left  fore- 
ground are  Prunus  virginiana  and 
Rhus  trilobata.  (A  1-nn  stake  is 
used  for  scale  in  this  and  subse- 
quent photographs.) 
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Pinus  ponderosa/Spiraea  betulifolia 

Description. — This  habitat  type,  which  occurs  on 
more  mesic  sites  than  either  of  the  previous  habitat 
types,  is  represented  by  two  stands  confined  to  the 
eastern  slopes  of  the  Bighorn  Mountains. 

The  understory  vegetation  is  a  mixture  of  grasses, 
perennial  forbs,  and  low  shrubs.  The  dominant 
species  are  Spiraea  betulifolia  and  Symphoricarpos 
albus  (fig.  5).  Other  shrubs  include  Berberis  repens,^ 
Potetitilla  fissa,  and  Prunus  virginiana.  The  principal 
grasses  present  are  Festuca  idahoensis,  Hesperochloa 
kingii.  and  Poa  palustris.  Poa  interior  occurs  in  this 
habitat  type,  but  is  common  in  the  more  mesophytic 
habitat  types.  Important  forbs  are  Clematis  tenuil- 
oba,  Galium  boreale,  Balsamorhiza  sagittata,  Loma- 
tium  dissectum,  Lupinus  argenteus,  and  Smilacina 
racemosa.  Conspicuous  by  their  absence  are  Rhus 
trilobata,  Agropyron  spicatum,  Aristida  longiseta, 
Artemisia  frigida.  Astragalus  succulentus,  and 
Physocarpus  monogynus. 


•igure  5.  — Pinus  ponderosa/Spiraea  betulifolia  habitat 
type.  Various  size  classes  of  the  dominant  tree  occur 
at  this  site. 

Due  to  the  more  mesophytic  habitat,  the  over- 
tory  has  a  more  closed  structure  and  tree  repro- 
mction  is  more  abundant  than  in  the  previous 
'abitat  types. 

j  Similar  habitat  types  have  been  observed  else- 
rhere.  Thilenius  (1971)  in  the  Black  Hills  and  Pfister 
nd  others  (1974)  in  Montana  have  described  a 
inus  ponderosa/ Symphoricarpos  albus  habitat  type 

Mahonia  repens  in  tables  3  through  6  (Appen- 
()  should  be  Berberis  repens. 


which  shares  many  of  the  species  common  to  the 
Pinus  ponderosa/Spiraea  betulifolia  habitat  type  in 
the  Bighorn  Mountains. 

Management  Implications. — The  Pinus  ponder- 
osa/Spiraea betulifolia  habitat  type  is  one  of  the 
better  timber-producing  types  in  the  P.  ponderosa 
series.  On  areas  harvested  for  timber,  shelterwood 
and  group  and  individual  tree  selection  cutting  may 
be  used  depending  upon  the  age,  health,  and  vigor  of 
the  stand,  and  land  management  objectives.  Natural 
regeneration  will  usually  restock  the  stands.  Stand 
density  should  be  kept  at  levels  lower  than  the 
optimum  for  timber  production  to  maintain  forage 
production  and  minimize  damage  from  bark  beetle 
attacks.  Livestock  forage  production  is  variable  and 
depends  upon  the  density  and  composition  of  grass 
cover,  and  overstory  density.  Big  game  forage 
production  is  higher  than  on  the  more  xerix  habitat 
types,  and  winter  use  by  deer  may  be  heavy.  With 
less  than  13  cm  (5  inches)  of  annual  runoff,  the 
potential  for  increasing  streamflow  by  timber  har- 
vesting is  low.  The  potential  recreation  and  scenic 
values  of  this  habitat  type  are  relatively  high. 

Pinus  ponderosa/ Physocarpus  monogynus 

Description. — The  Pinus  ponderosa/Physocarpus 
monogynus  habitat  type,  confined  to  the  east  slope, 
occupies  the  most  favorable  sites  on  which  Pinus 
ponderosa  attains  climax  status  in  the  Bighorn 
Mountains.  The  four  stands  sampled  occurred  on 
northerly  aspects  that  receive  little  or  no  direct  solar 
radiation.  At  lower  elevations  or  on  drier  sites,  this 
habitat  type  grades  into  either  the  P.  ponderosa/ 
Spiraea  betulifolia  or  P.  ponderosa/Festuca  idahoen- 
sis habitat  types  (fig.  6).  Of  the  stands  sampled,  two 
were  younger  than  100  years  and  developed  after 
fires,  and  two  were  older  than  200  years. 

Understory  vegetation,  dominated  by  the  shrub 
Physocarpus  monogynus,  is  relatively  rich  in  species 
(fig.  7).  Many  of  these  species  are  also  common  in 
the  P.  ponderosa/Spiraea  betulifolia  habitat  type. 
Physocarpus  monogynus,  Acer  glabrum,  and 
Amelanchier  anifolia  are  shrubs  that  occur  in  this 
habitat  type,  but  are  not  found  in  other  P.  ponderosa 
habitat  types.  Other  common  undergrowth  species 
include  Clematis  tenuiloba,  Berberis  repens,  Rosa 
acicularis.  Spiraea  betulifolia  and  Symphoricarpos 
albus.  Important  grasses  and  forbs  are  Festuca  ida- 
hoensis, Hesperochloa  kingii,  Poa  interior,  P. 
palustris,  Antennaria  rosea,  Balsamorhiza  sagittata, 
Cerastium  arvense,  Cystopteris  fragilis,  Galium 
boreale,  and  Lupinus  argenteus.  Among  the  more 
important  graminoids  and  forbs  of  this  habitat  type 
that  do  not  occur  in  other  P.  ponderosa  habitat 
types  are  Carex  xerantica,  Stipa  Columbiana,  Aster 
conspicuus,  Epilobium  angustifolium,   and  Fragaria 


Figure  &.  —  Pinus  ponderosa/ 
Physocarpus  monogynus  habi- 
tat type.  A.  At  its  xeric  limit, 
the  Physocarpus  shrub  layer  is 
somewhat  dwarfed  and  attains 
a  height  of  2-3  dm.  B.  Under 
more  favorable  moisture  con- 
ditions the  Physocarpus  can 
reach  a  height  of  about  7  dm. 


Figure  7.— There  is  considerable 
floristic  similarity  between  the 
Spiraea  betulifolia  union  and 
the  Physocarpus  monogynus 
union  shown  here;  both  are 
rich  in  species.  Shown  here 
are  P.  monogynus.  S.  betuli- 
folia, Symphoricarpos  albus, 
Galium  boreale,  and  Aster 
spp.  Note  the  abundant  pine 
litter  and  duff  covering  the 
mineral  soil. 


virginiana.  Arnica  cordifolia  also  occurred  in  the 
younger  stands  but  was  not  found  elsewhere  in  the 
P.  ponderosa  series. 

There  is  no  counterpart  to  this  habitat  type  in  the 
Black  Hills  or  in  southeastern  Montana.  In  Mon- 
tana, however,  Pfister  and  others  (1974)  described  a 
Pinus  ponderosa/ Prunus  virginiana  habitat  type 
which  shares  many  of  the  species  common  to  the 
Pinus  ponderosa/ Physocarpus  monogynus  habitat 
type  of  the  Bighorn  Mountains.  The  Pinus  ponder- 
osa/ Physocarpus  malvaceus  habitat  type  in  eastern 
Washington  and  northern  Idaho  described  by 
Daubenmire  and  Daubenmire  (1968)  is  closely 
related. 

Management  Implications. — The  management  im- 
plications for  this  habitat  type  are  similar  to  those 
for  the  Pinus  ponderosa/ Spiraea  betulifolia  habitat 
type,  except  that  it  is  potentially  the  best  timber 
producer  in  the  P.  ponderosa  series.  If  higher  stand 
densities  are  maintained  for  timber  production, 
forage  production  for  livestock  is  likely  to  be  re- 
duced. Browse  production  may  be  higher  and 
provide  a  potential  for  winter  use  by  deer. 

Pinus  ponderosa/Juniperus  communis 

Description. — The  Pinus  ponderosa/Juniperus 
communis  habitat  type  is  limited  to  the  southeastern 
segment  of  the  Bighorn  Mountains.  Only  one  stand 
was  sampled,  but  others  were  observed.  The  under- 
story  is  sparse  and  floristically  poor,  but  tree  seed- 
lings are  establishing  successfully. 

Juniperus  communis  is  the  dominant  understory 
species;  important  grasses  and  forbs  are  Hespero- 
chloa  kingii,  Poa  interior,  Agoseris  glauca,  Astraga- 
lus miser,  Lonatium  ambiguum,  and  Clematis 
tenuiloba. 

A  habitat  type  with  similar  understory  vegetation 
was  not  reported  for  Montana  (Pfister  and  others 
1974)  or  eastern  Washington  and  northern  Idaho 
(Daubenmire  and  Daubenmire  1968).  Thilenius 
(1971),  however,  described  a  habitat  type  in  the 
Black  Hills  in  which  understory  vegetation  was 
dominated  by  both  Juniperus  communis  and  Ber- 
beris  repens. 

Management  Implications. — Relatively  little  infor- 
mation   is    available    on    the    management    of  this 
habitat  type.  Timber  productivity  is  less  than  average 
for  the  P.   ponderosa  series.    Natural   reproduction 
appears  to  be  less  difficult  to  obtain  than  in  those 
1  habitat  types  where  the  understory  is  dominated  by 
Igraminoids.   Timber  can   be   harvested   by   shelter- 
'wood,    and    group    and    individual    tree    selection. 
{Forage  production  and  natural  runoff  are  low.  The 
potential   for   increasing   these   resources   does    not 
appear  to  be  great. 


Pseudotsuga  menziesii  Series 

This  series,  represented  by  13  plots,  occurs  where 
favorable  soil  moisture  balance  permits  Pseudotsuga 
menziesii  to  replace  Pinus  ponderosa  as  the  climax 
species  (table  1).  In  the  Bighorn  Mountains  P. 
menziesii  is  the  climax  dominant  at  intermediate 
elevations  of  1,878  to  2,609  m  (6,160  to  8,558  ft)  and 
occurs  most  frequently  on  soils  developed  from  lime- 
stone or  dolomite.  In  these  habits  Pinus  ponderosa, 
Pinus  flexilis,  Pinus  contorta,  and  occasionally 
Populus  tremuloides  may  be  present  in  any  combina- 
tion as  serai  species. 

P.  menziesii  is  a  climax  species  on  both  the  east 
and  west  sides  of  the  mountains.  On  the  west  side  it 
commonly  forms  the  lowest  coniferous  forest  zone. 
On  the  east  side,  it  occupies  a  position  on  the 
moisture-temperature  gradient  intermediate  between 
P.  ponderosa  and  P.  contorta  forests.  At  lower 
elevations  along  the  western  slope  P.  menziesii  varies 
from  a  climax  to  a  serai  species.  In  the  more  moist 
habitats  Picea  engelmannii  is  climax  to  the  lowest 
elevation  of  coniferous  forests. 

Two  habitat  types  and  one  phase  have  been 
recognized.  Basal  areas  of  P.  menziesii  on  the  study 
plots  ranged  from  13  to  95  mVha  (58  to  414Vacre). 
Age  measured  at  breast  height  varied  from  60  to  247 
years,  with  a  median  age  of  129  years.  (Tree  popula- 
tion data  and  undergrowth  data  for  Pseudotsuga 
menziesii  stands  are  recorded  in  appendix  tables  3 
and  5  respectively.) 


Pseudotsuga  menziesii/Berberis  repens 

Description. — The  Pseudotsuga  menziesii/Ber- 
beris repens  habitat  type,  represented  by  eight 
stands,  is  widespread  on  sedimentary  shales  and 
sandstones,  and  glacial  moraines  in  the  Bighorn 
Mountains  (fig.  8).  It  is  recognized  by  the  consistent 
presence  and  reproductive  success  of  P.  menziesii, 
and  by  the  abundance  and  dominance  of  Berberis 
repens.  Other  important  species  in  the  mixed  shrub, 
forb,  and  grass  understory  are  Ribes  lacustre,  Juni- 
perus communis,  Symphoricarpos  oreophilus,  Hes- 
perochloa  kingii,  Poa  spp..  Arnica  cordifolia,  Gal- 
ium boreale,  Senecio  streptanthifolius,  and  Smila- 
cina  racemosa. 

Biotic  succession  following  disturbance  involves 
both  the  reestablishment  of  P.  menziesii  and  the 
invasion  of  serai  species.  A  clear  example  of  primary 
succession  of  this  habitat  type,  rather  than  reestab- 
lishment, occurs  along  both  slopes  of  Tensleep 
Canyon  (fig.  9).  It  is  characterized  by  the  direct 
invasion  of  the  Artemisia  tridentata  shrub-steppe 
community  by  Pseudotsuga  menziesii  and  Pinus 
flexilis,    or   the    initial   establishment    of  Juniperus 


Figure  8.  —  Pseudotsuga  menziesii/Berberis  repens 
habitat  type.  A.  The  Berberis  union  is  a  rich  mixture 
of  low-growing  shrubs  and  herbaceous  species.  B. 
Some  of  the  largest  trees  in  the  Bighorns  are 
Pseudotsugas  occurring  on  sites  where  neither  fire 
nor  logging  has  been  a  disturbing  factor  for  hun- 
dreds of  years.  Having  become  established  in  the 
shade  of  a  now  dead  Juniperus.  the  remains  of 
which  still  exist  near  the  base  of  the  tree,  this 
Pseudotsuga  provided  the  seed  source  for  most  of 
the  trees  forming  the  closed  community  here. 


Figure  9.— Artemisia  tridentata-dom'\r\a\ed  shrub- 
steppe  of  Tensleep  Canyon.  A.  Succession  of 
Pseudotsuga  menziesii  into  shrub-steppe.  B.  Large 
Artemisia  shrub  on  left  provided  a  suitable  micro- 
climate in  which  Pseudotsuga  seedling,  just  to  left 
of  stake,  became  established. 


communis  which  provides  a  suitable  microhabitat  for 
the  establishment  of  P.  menziesii.  Throughout  much 
of  the  Artemisia-dominated  slopes,  Berberis  and 
other  members  of  the  undergrowth  union  are 
becoming  established  (fig.  10).  This  may  indicate  a 
gradual  shift  from  shrub-steppe  dominated  by 
Artemisia  tridentata  to  coniferous  forest  dominated 
by  Pseudotsuga  menziesii,  provided  that  the  climate 
is  becoming  cooler  and  more  moist  over  time. 

Reed  (1969)  reported  a  similar  habitat  type 
(Pseudotsuga  menziesii/ Symphoricarpos  oreophilus 
in  the  Wind  River  Mountains  of  Wyoming  that 
shares  many  of  the  important  understory  species. 
The  P.  menziesii/ Spiraea  betulifolia  and  P.  men- 
ziesii/Aniica  cordifoUa  habitat  types  of  Montana 
(Pfister  and  others  1974)  are  also  similar  to  the  P. 
menziesii/ Berberis  repens  habitat  type  in  the  Big- 
horns. 


Juniperus  communis  Phase. — The  most  xeric  habi- 
tats on  which  P.  menziesii  maintains  climax  status 
are  on  the  southeastern  flank  and  along  low  summits 
of  the  southern  ridges  of  the  Bighorns.  Soils  are 
usually  fme  textured  and  droughty.  Pinus  ponderosa 
and  P.  flexilis  are  usually  present  as  serai  species 
(fig.  11). 

The  understory  in  the  two  stands  sampled  is 
characterized  by  Juniperus  communis.  Other  con- 
spicuous understory  species  are  Berberis  repens, 
Rosa  acicularis,  Symphoricarpos  oreophilus,  Hes- 
perochloa  kingii,  Festuca  ovina.  Arnica  cordifolia. 
Astragalus  miser,  Galium  boreale,  and  Lupinus 
argenteus. 

In  Montana,  Pfister  and  others  (1974)  recognized 
a  P.  menziesii/ Juniperus  communis  habitat  type. 
With  additional  study,  the  Juniperus  phase  of  the  P. 
menziesii/Berberis  repens  habitat  type  in  the  Big- 
horns may  warrant  recognition  as  a  separate  habitat 
type. 

A  Juniperus  osteosperma  phase  of  the  Pseudotsuga 

menziesii/Berberis    repens   habitat    type    may    exist 

ij  along  the  west   slopes   of  the   Bighorns.    A    closer 

examination  of  stands  with  a  conspicuous  amount  of 

jjy.  osteosperma  is  necessary  before  these  stands  could 

be  separated  in  the  forest  classification  scheme. 


Management  Implications. — Timber  productivity 
p  this  habitat  type  and  its  phase  are  generally  below 
iverage  for  the  P.  menziesii  series.  Site  conditions 
ire  somewhat  severe,  and  regeneration  is  likely  to  be 
lifficult  to  obtain  if  stands  are  clearcut,  especially 
inhere  the  habitat  type  is  adjacent  to  mountain  grass- 
lands that  can  invade  and  occupy  the  site.  Group 
Selection  and  shelterwood  cutting  are  closer  to  the 
legeneration  patterns  observed  in  old-growth  forests. 


Figure  10.  —  Beioein,  i^fjem^  uii  iiie  nyiu  is  invading  the 
Artemisia  tridentata-(iom\na\e6  shrub-steppe  in  Ten- 
sleep  Canyon.  The  large  shrub  on  the  left  is  A.  tri- 
dentata. Photograph  was  taken  about  50  meters  from 
nearest  stand  of  Pseudotsuga  menziesii/Berberis 
repens. 


Figure  11  .  —  Pseudotsuga  menziesii/Berberis  repens  hab- 
itat type,  Juniperus  communis  phase.  Though  usually 
present  in  scattered  patches,  Juniperus  here  is  present 
in  a  more  continuous  ground  cover.  Underneath  the 
Juniperus  are  representatives  of  the  Berberis  union. 

Another  objective  in  harvesting  timber  may  be  to 
open  up  the  stands  and  maintain  low  basal  areas  for 
recreation  and  scenic  purposes.  Younger  stands 
provide  more  forage  for  livestock  and  big  game  than 
do  older  stands.  The  potential  for  increasing  herbage 
production  may  be  improved  by  maintaining  a  low 
stand  density.  Where  browse  species  are  scarce,  deer 
may  use  J.  communis  heavily.  The  potential  for 
increasing  streamflow  is  not  much  greater  than  in 
habitat  types  dominated  by  Pinus  ponderosa. 
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Pseudotsuga  menziesii/Physocarpus  monogynus 

Description. — The  Pseudotsuga  menziesii/Physo- 
carpus  monogyuus  habitat  type,  represented  by  three 
stands,  occurs  on  the  east  and  west  sides  of  the 
Bighorn  Mountains  on  northwest-  to  northeast-facing 
slopes.  The  most  consistently  reproducing  tree 
species  is  Pseudotsuga  menziesii,  but  both  Pinus 
ponderosa  and  P.  flexilis  are  common  serai  species. 
The  understory  is  dominated  by  the  shrub  Physo- 
carpus  monogynus  (fig.  12),  with  Berberis  repens, 
Rosa  acicularis,  Symphoricarpos  oreophilus,  and 
Spiraea  betulifolia  making  up  the  complement  of 
important  shrubs. 


Figure  ^2.  — Pseudotsuga  menziesii/ Physocarpus  mono- 
gynus habitat  type.  The  ground  cover  is  dominated  by 
Physocarpus  monogynus  with  a  rich  mixture  of  dwarf 
shrubs  and  forbs  under  the  Physocarpus.  All  size 
classes  of  Pseudotsuga  are  also  represented. 


This  habitat  type  has  a  more  xerophytic  character 
on  the  west  side  of  the  Bighorns  than  on  the  east 
side.  Such  understory  species  as  Anemone  multifida. 
Arnica  cordifolia.  Balsamorhiza  sagittata.  Clematis 
tenuiloba.  and  Lomatium  dissectum  are  important 
in  the  understory  on  the  eastern  side  of  the  moun- 
tains, but  not  on  the  west  side. 

Reed  (1969)  did  not  report  a  P.  menziesii/Physo- 
carpus  monogynus  habitat  type  in  the  Wind  River 
Mountains.  However,  Pfister  and  others  (1974) 
reported  a  Pseudotsuga  menziesii/Physocarpus  mal- 
vaceus  habitat  type  in  western  and  central  Montana 


on  north-  and  east-facing  slopes.  In  south-central 
Montana,  this  habitat  type  occurs  at  elevations 
comparable  to  the  Pseudotsuga  menziesii/Physo- 
carpus monogynus  habitat  type  in  the  Bighorns. 
Daubenmire  and  Daubenmire  (1968)  also  describe  a 
P.  menziesii/Physocarpus  malvaceus  habitat  type  in 
eastern  Washington  and  northern  Idaho. 

Management  Implications. — This  habitat  type  is 
usually  the  most  productive  in  the  P.  menziesii 
series,  but  site  indexes  may  still  be  relatively  low. 
Where  Pinus  ponderosa  is  an  important  serai 
species,  it  can  be  managed  by  cutting  the  P.  men- 
ziesii overstory  to  release  the  P.  ponderosa.  This 
simulates  the  final  harvest  of  a  shelterwood  system. 
Otherwise,  P.  menziesii  can  be  managed  mostt 
successfully  by  the  shelterwood  and  selection  sys- 
tems that  maintain  overstory  shade.  Reproduction  is^ 
likely  to  be  more  difficult  to  obtain  after  cutting  onu 
the  western  side  of  the  mountains.  Livestock  forage 
production  is  low,  and  the  potential  for  any  increase 
is  not  great.  Deer  may  use  the  shrub  species  heavily 
at  times.  The  potential  for  increasing  natural  runoft 
is  higher  than  in  the  Pinus  ponderosa  series,  but 
much  less  than  in  the  higher  subalpine  forests. 


Populus  tremuloides  Series 

Populus  tremuloides  is  not  a  major  tree  species  inn 
the  Bighorn  Mountains.  It  forms  small  stands  andi 
groves    within    the    elevational    zones    where    Pinui 
ponderosa  and  Pseudotsuga  menziesii  are  climax. 
P.  tremuloides  usually  occurs  on  more  mesic  habitat.' 
with    deeper    soils,    frequently    between    coniferou! 
forest  and  natural   openings   dominated   by   herba-    j 
ceous  species  (see  table  1). 

This  series  is  represented  by  four  plots,  all  o 
which  were  located  in  the  southern  segment  of  thi 
Bighorns.  Most  stands  of  the  P.  tremuloides  in  thi 
Bighorns  are  heavily  graced  by  livestock,  which  oftei 
congregate  in  these  stands  during  the  heat  of  day. 

Only  one  habitat  type  has  been  recognized  in  thii 
series.  Basal  areas  on  the  study  plots  ranged  from  2 
to  49  mVha  (98  to  211  ftVacre)  but  individual  tree; 
never  exceeded  the  2  to  3  dm  (8.0  to  12.0  inclrji 
d.b.h.  class.  Most  reproduction  was  sprouts.  (Trer(i,j| 
population  data  and  undergrowth  data  for  Populu> 
tremuloides  stands  are  recorded  in  appendix  tables  < 
and  6  respectively.) 


'^ 


Populus  tremuloides/Lupinus  argenteus 


Description. — The  understory  of  the  Populu 
tremuloides/Lupinus  argenteus  habitat  type  consisl' 
of  a  relatively  rich  mixture  of  graminoids  and  forht  % 
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(fig.  13).  Lupinus  argenteus,  Agropyron  spicatum. 
Carex  platylepis,  C.  scopulorum,  Festuca  idahoensis, 
Hesperochloa  kitigii,  Poa  nervosa,  Achillea  mille- 
folium. Astragalus  alpinus.  Anemone  multifida. 
Fragaria  virginiana,  Lupinus  wyethii.  Taraxacum 
officinale,  and  Trifolium  spp.  are  the  most  char- 
acteristic. Shrubs  are  less  important,  but  Juniperus 
communis,  Ribes  lacustre,  and  Potentilla  fruticosa 
are  conspicuous  in  some  stands.  Other  understory 
species  favored  by  disturbance  are  Phleum  pratense 
and  Dactylis  glomerata. 


Figure  ^3.  —  Populus  iremutoides/ Lupinus  argenteus 
habitat  type.  As  with  all  Populus  stands  examined, 
this  one  has  been  heavily  grazed.  Only  a  limited 
number  of  size  classes  of  Populus  are  represented. 


In  the  northern  Rockies  (Daubenmire  and  Dau- 
Ijenmire  1968)  and  in  Montana  (Pfister  and  others 
1974)  there  are  no  habitat  types  dominated  by 
?opulus  tremuloides.  In  the  Wind  River  Mountains 
yhere  P.  tremuloides  is  a  more  important  species, 
^eed  (1969)  described  a  P.  tremuloides/ Symphori- 
■arpos  oreophilus  habitat  type.  It  does  not  have  the 
ame  characteristics  as  the  P.  tremuloides/Lupinus 
rgenteus  habitat  type,  however. 

Management  Implications. — This  habitat  type  is 
aluable  for  the  fall  color  it  provides,  but  is  of  little 
alue  for  timber  production.  In  pure  stands,  aspen 


should  be  managed  under  a  clearcutting  system. 
Where  there  is  a  manageable  stand  of  coniferous 
species  in  the  understory,  it  can  be  released  by 
removing  the  aspen  overstory.  If  it  is  desirable  to 
perpetuate  the  aspen  under  these  conditions,  the 
coniferous  understory  should  be  removed.  Forage 
production  for  livestock  is  variable  in  this  habitat 
type,  depending  upon  the  species  composition  and 
range  condition.  Forage  production  can  be  high 
where  there  is  a  good  representation  of  grasses  and 
the  range  is  not  overused.  This  habitat  type  provides 
valuable  forage  for  big  game  animals.  Both  deer 
and  elk  eat  Populus  sprouts.  The  habitat  type  is 
insignificant  in  terms  of  water  production  because  of 
its  limited  extent. 


Pinus  contorta  Series 

Pinus  contorta  is  the  most  abundant  forest  tree 
species  in  the  Bighorn  Mountains.  Its  abundance  is 
usually  attributed  to  the  widespread  occurrence  of 
repeated  fires.  There  is  less  agreement  on  its 
successional  status;  many  ecologists  and  foresters 
consider  P.  contorta  a  serai  species,  while  others 
consider  it  to  be  at  least  a  long-lived  subclimax 
species  in  some  habitats. 

Pinus  contorta  commonly  occurs  in  fire-regener- 
ated even-aged  stands,  but  it  can  also  occur  in 
uneven-aged  stands  in  the  Bighorns.  The  repro- 
ductive patterns  of  P.  contorta  that  determines  the 
age-class  structure  are  influenced  by  soil  moisture 
and  cone  serotiny.  Extensive  stands  of  P.  contorta 
occur  in  the  central  third  of  the  Bighorns  on  exposed 
granites,  at  elevations  of  2,000  m  (6,560  ft)  to 
timberline.  P.  contorta  is  a  serai  species  in  all  forests 
dominated  by  Picea  engelmannii  and  Abies  lasio- 
carpa  at  higher  elevations,  and  on  more  mesic 
habitats  at  intermediate  elevations.  It  is  also  serai  to 
Pseudotsuga  menziesii  at  lower  elevations  or  on  more 
xeric  habitats. 

Serai  P.  contorta  is  more  likely  to  be  even-aged 
and  bear  a  high  proportion  of  serotinous  cones. 
However,  at  intermediate  elevations  there  are  habi- 
tats where  P.  contorta  is  the  dominant  self-reproduc- 
ing species  (see  table  1).  Here  it  exhibits  a  population 
structure  of  several  age  classes,  and  has  no  competi- 
tion from  its  common  associates.  Climax  P.  contorta 
stands  are  likely  to  contain  a  high  proportion  of 
trees  bearing  nonserotinous  cones. 

Where  P.  contorta  covers  vast  areas  in  the  Bighorn 
Mountains  there  may  be  simply  no  seed  source  of 
climax  species  available  for  reinvasion.  In  those 
situations,  P.  contorta  may  be  a  serai  species  that 
will  occupy  the  site  for  several  hundred  years.  Wide- 
spread and  repeated  burning  may  also  have  altered 
the  nutrient  status  and  waterholding  capacity  of  the 
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soil,  thereby  delaying  the  establishment  of  P.  engel- 
niannii  or  A.  lasiocarpa  even  when  a  seed  source  is 
available. 

This  series  is  represented  by  16  plots  in  which  two 
Pinus  co/j/orra-dominated  habitat  types  have  been 
recognized.  Basal  areas  of  P.  contorta  on  the  study 
areas  ranged  from  18  mVha  to  55  mVha  (79  to  240 
ftVacre).  Age  at  breast  height  varied  from  62  to  245 
years,  with  a  median  age  of  149  years.  (Tree  popula- 
tion data  and  undergrowth  data  for  Pinus  contorta 
stands  are  recorded  in  appendix  tables  3  and  7 
respectively.) 

Pinus  contorta/Aretostaphylos  uva-ursi 

Description. — This  habitat  type,  represented  by 
five  stands,  is  the  warmest,  driest,  and  most  fre- 
quently burned  of  the  P.  contorta  habitat  types.  In 


the  Bighorn  Mountains,  it  is  confined  to  soils  of 
granitic  origin  with  low  fertility.  Where  the  habitat 
type  occurs  on  southerly  aspects  and  adjacent  to 
openings,  it  may  occupy  a  tension  zone. 

The  consistent  presence  and  reproductive  success 
of  P.  contorta,  the  absence  of  other  tree  reproduc- 
tion, and  the  understory  dominance  oi  Arctostaphy- 
los  uva-ursi  are  the  diagnostic  features  of  this  habitat 
type  (fig.  14).  Other  important  shrub  species  are 
Juniperus  communis  and  Spiraea  betulifolia.  Com- 
mon forbs  include  Lupinus  argenteus,  Senecio  strep- 
tanthifoUus.  and  Solidago  spatulata. 

Mixed  stands  in  this  habitat  type  are  an  exception, 
but  overstocked  pole  stands  of  pure  P.  contorta  are 
common  (fig.  15).  Due  to  the  xeric  nature  of  this 
habitat  type,  tree  reproduction  is  likely  to  be 
sporadic,  especially  in  dense  stands  where  competi- 
tion for  soil  moisture  is  severe. 


Figure  14.  — P/nus  contorta/ Arctostaphylos  uva- 
ursi  habitat  type.  A.  The  dominant  Pinus  is 
present  in  all  size  classes.  The  abundance  of 
Arctostaphylos  and  Lupinus  argenteus  and  the 
virtual  absence  of  Vaccinium  scoparium  char- 
acterize the  ground  cover  of  this  habitat  type.  B. 
Closeup  of  undergrowth  shows  the  two  major 
ground  cover  species,  Arctostaphylos  and 
Lupinus. 


Figure  15.— Overstocked  stand  of  Pinus  contorts/ 
Arctostaphylos  uva-ursi  habitat  type.  Ground 
cover  is  poorly  developed  because  of  dense  tree 
growth  and  extreme  shade. 
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Management  Implications. — The  Pinus  contorta/ 
Arctostaphylos  uva-ursi  habitat  type  is  reasonably 
productive  for  timber,  even  though  site  indexes  are 
likely  to  be  below  average  for  the  P.  contorta  series 
(Alexander  1966).  Clearcutting  or  shelterwood  cut- 
ting can  be  used  in  sawlog-sized  stands  regardless  of 
cone  habit.  Scarification  is  likely  to  be  essential  for 
natural  regeneration  success  (fig.  16).  On  south 
slopes  and  in  tension  zones,  a  long  regeneration 
period  usually  follows  clearcutting  because  of  limited 
soil  moisture.  In  those  situations,  a  shelterwood 
system  is  more  likely  to  result  in  regeneration  suc- 
cess. On  other  aspects,  clearcutting  is  usually 
successful,  but  can  result  in  either  too  much  or  too 
little  reproduction,  depending  on  the  cone  habit, 
amount  of  seed  available,  and  slash  disposal  treat- 
ments (fig.  17)  (Alexander  1974).  If  a  clearcut  option 
is  used  in  stands  with  nonserotinous  cones,  openings 
should  be  in  the  form  of  small  (3-  to  5-acre)  patches 
or  narrow  (400-ft  wide)  strips  where  natural  regener- 
ation is  desired.  Large  clearcut  openings  will  require 
fill-in    planting.    In   stands   with   serotinous    cones, 


clearcut  openings  up  to  16  hectares  (40  acres)  in  size 
may  be  used  if  the  stand  is  heavily  infected  with 
mistletoe.  Care  must  be  used  in  slash  disposal  in 
these  stands  so  that  the  seed  source  is  not  destroyed. 
Group  selection  cutting  is  a  possibility  in  stands  with 
irregular  structure,  but  individual  tree  selection 
cutting  is  generally  appropriate  only  in  recreation 
areas. 

In  young  P.  contorta  pole  stands,  thinning  is 
needed  to  reduce  basal  area  and  improve  soil 
moisture  conditions.  Basal  area  levels  of  80  or  less 
are  most  appropriate  (Myers  and  others  1971). 

Forage  production  is  usually  increased  for  a  short 
time  following  clearcutting,  but  the  potential  for 
increasing  forage  production  for  either  livestock  or 
big  game  is  limited  in  this  habitat  type. 

Natural  runoff  in  the  P.  contorta/Arctostaphylos 
uva-ursi  habitat  type  is  at  least  25  cm  (10  inches) 
annually.  Much  of  the  precipitation  falls  as  snow. 
Streamflow  can  be  substantially  increased  by  clear- 
cutting  about  one-third  of  the  area  in  small  patches 
interspersed  with  uncut  timber. 


Figure  16.  — In  this  old  stand  dominated  by  Pinus  con- 
torta. the  only  tree  reproduction  is  occurring  on  a 
mound  of  mineral  soil  exposed  at  the  base  of  a  wind- 
thrown  tree.  On  the  mound  near  the  meter  stick  are  15 
P.  contorta  seedlings. 


Figure  M.— Pinus  contorta  was  clearcut  from  this  block 
on  Caribou  Mesa  in  1967  (photograph  was  taken  in 
1973).  Some  P.  contorta  regeneration  is  occurring  but 
most  of  the  seedlings  are  hidden  under  a  relatively 
dense  cover  of  heliophytes.  Best  Pinus  regeneration 
can  be  seen  in  right  background. 
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Pinus  contorta/Vaccinium  scoparium 

Description. — The  Pinus  contorta/Vaccinium  sco- 
parium habitat  type  also  occurs  primarily  in  the 
central  third  of  the  Bighorn  Mountains  on  granitic 
soils,  but  on  more  mesic  habitats  than  the  P.  con- 
torta/Arctostaphylos  uva-ursi  habitat  type.  P.  con- 
torta  is  the  only  tree  species  in  the  overstory.  Not  all 
of  the  1 1  stands  sampled  in  this  habitat  type  had 
abundant  reproduction,  but  P.  contorta  is  the  only 
successfully  reproducing  tree  species. 

The  understory  vegetation  is  variable;  Vaccinium 
scoparium  is  the  dominant  species  (tig.  18).  Other 
species  that  are  more  frequent  and  constant  than  in 
the  P.  contorta/ Arctostaphylos  uva-ursi  habitat  type 
are  Festuca  ovina.  Poa  interior,  P.  nervosa,  Trisetum 
spicatum,  Antennaria  rosea.  Arnica  cordifolia,  Epi- 
lobium  angustifolium,  and  Rosa  acicularis. 

A  Pinus  contorta/Vaccinium  scoparium  commun- 
ity type  described  by  Pfister  and  others  (1974)  in 
Montana  shares  with  the  P.  contorta/Vaccinium 
scoparium  and  P.  contorta/Arctostaphylos  uva-ursi 
habitat  types  in  the  Bighorns  such  conspicuous 
species  as  Juniperus  communis.  Arnica  cordifolia, 
and  Epilohium  angustifolium.  In  the  Wind  River 
Mountains.  Reed  (1969)  recognized  two  community 
types  dominated  by  Pinus  contorta,  but  he  consid- 
ered these  serai  to  habitat  types  dominated  by  Abies 
lasiocarpa  or  Picea  engelmannii. 


Figure  ^Q.  — Pinus  contorta/Vaccinium  scoparium  habitat 
sented.  B.  At  this  site,  Pinus  is  present  in  only  three  d.b 
site  by  other  conifer  species. 


Management  Implications. — Wildfires  have  been 
less  severe  in  this  habitat  type  than  in  the  P.   con- 
torta/Arctostaphylos uva-ursi  habitat  type.  Site  in- 
dexes and  timber  productivity  are  the  highest  in  the 
P.    contorta   series.    Even-aged    management    under 
either  a  clearcutting  or  shelterwood  cutting  alterna- 
tive  is   recommended    for   most    stands    (Alexander 
1974).  A  shelterwood  system  has  the  advantages  of 
meeting  wildlife  cover  and  visual  management  re- 
quirements while  at  the  same  time  providing  shade 
needed  to  conserve  soil  moisture  and  control  over- 
stocking. It  also  provides  some  control  over  dwarf 
mistletoe,  although  clearcutting  is  a  more  effective 
silvicultural  control.   Uneven-aged  management  un- 
der individual  tree  or  group  selection  cutting  can 
reduce  stand  susceptibility  to  mountain  pine  beetles, 
by  removing  the  most  susceptible  host  trees.  Growth i 
will  be  substantially  reduced,  however.  Treatment  off 
stands  in  relation  to  cone  serotiny  is  the  same  as  innfl 
the  P.  contorta/Arctostaphylos  uva-ursi  habitat  type 

Poletimber  stands  in  this  habitat  type  have  betterr 
spacing  and  crown  class  differentiation.  Thinning  too 
a  basal  area  level  of  80  is  most  appropriate  forri 
individual  tree  and  stand  growth. 

The  P.  contorta/Vaccinium  scoparium  habitat 
type  is  summer  range  for  wildlife.  Forage  production 
is  the  best  in  the  Pinus  contorta  series  for  both  live- 
stock and  big  game,  and  can  substantially  increase 
for  short  periods  of  time  following  clearcutting. 
Clearcutting  in  small  patches  or  strips  will  provide 
more  increase  in  the  25  to  30  cm  (10  to  12  inches)  of 
natural  runoff  than  either  shelterwood  or  group 
selection  cutting  (Leaf  1975,  Leaf  and  Alexander 
1975). 

type.  A.  At  this  site,  aii  size  classes  of  Pinus  are  repre- 
.h.  classes.  There  is  no  evidence  of  encroachment  at  either 
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Picea  engelmannii  Series 

This  series  includes  those  forests  in  the  Bighorn 
Mountains  where  Picea  engelmannii  replaces  Pinus 
contorta  as  the  climax  dominant.  These  forests  over- 
lap the  P.  contorta  series,  but  occur  on  more  mesic 
habitats.  P.  contorta  remains  an  important  serai 
species  in  P.  engelmannii  forests,  however.  Stands  in 
this  series  are  located  primarily  in  the  central  third  of 
the  Bighorns.  On  the  west  side  of  the  mountains, 
P/cefl-dominated  forests  extend  down  to  the  shrub- 
steppe  vegetation  on  the  more  favorable  habitats. 

All  Picea  in  the  Bighorns  is  referred  to  as  P. 
engelmannii:  however,  it  has  been  demonstrated  that 
the  species  has  hybridized  and  introgressed  with  P. 
glauca  (Daubenmire  1974).  In  Montana,  Pfister  and 
others  (1974)  reported  widespread  hybridization,  and 
suggested  that  these  hybrid  populations  might  better 
be  adapted  to  occupy  habitats  below  the  limits  for 
Abies  lasiocarpa. 

This  series  is  represented  by  10  plots  and  one 
habitat  type  (table  1).  The  stands  sampled  fall  into 
three  general  age  categories;  60-70  years  old.  130-150 
years  old  and  220  to  265  years  old.  All  ages  were 
measured  at  breast  height.  (The  population  data  and 
undergrowth  data  for  Picea  engelmannii  stands  are 
recorded  in  appendix  tables  3  and  8  respectively.) 


Picea  engelmannii/Vaccinium  scoparium 

Description. — The  Picea  engelmannii/Vaccinium 
scoparium  habitat  type  occurs  mostly  on  granitic 
soils,  although  it  may  also  occur  on  limestone  and 
glacial  moraines  (fig.  19).  It  is  usually  found  on  level 


topography  or  on  northwest-  to  north-facing  slopes 
at  the  same  elevations  where  the  Pinus  contorta/Vac- 
cinium  scoparium  habitat  type  occurs  on  the  warmer 
slopes.  Pinus  contorta  is  the  most  common  serai 
species  in  the  overstory  of  the  P.  engelmannii/Vac- 
cinium scoparium  habitat  type,  making  up  10  to  68 
mVha  (44  to  296  ftVacre)  of  the  basal  area.  Picea 
engelmannii  may  be  less  abundant  in  the  overstory, 
but  the  abundance  of  Picea  reproduction  and  the 
presence  of  a  continuing  seed  source  indicates  a  suc- 
cession toward  Picea  dominance  in  the  overstory.  A 
few  Abies  lasiocarpa  trees  can  be  found  in  these 
stands,  but  reproduction  is  poor,  and  there  is  no  clear 
evidence  that  Abies  will  ever  be  dominant. 

Following  disturbance  in  this  habitat  type,  both 
Pinus  contorta  and  Picea  engelmannii  establish 
simultaneously,  but  P.  contorta  seedlings  usually 
outnumber  those  of  P.  engelmannii.  P.  contorta  may 
remain  the  dominant  overstory  species  for  200  years 
or  more. 

The  understory  in  this  habitat  type  is  dominated 
by  Vaccinium  scoparium,  with  an  average  coverage 
of  more  than  40  percent.  Other  important  species 
include  Juniperus  communis.  Antennaria  racemosa. 
Arnica  cordifolia,  Epilobium  angustifolium,  Fragaria 
virginiana,  Lupinus  argenteus,  Rosa  acicularis, 
Senecio  streptanthifolius,  and  Poa  nervosa.  Most 
understory  species  are  shared  with  the  P.  con- 
torta/Vaccinium  scoparium  habitat  type,  but  a  few 
indicator  species  are  found  exclusively  in  each 
habitat  type.  For  example,  Antennaria  racemosa  and 
Fragaria  virginiana  are  characteristic  of  the  Picea 
engelmannii/Vaccinium  scoparium  habitat  type, 
while  Antennaria  rosea,  Poa  interior,  and  Trisetum 
spicatum  are  characteristic  of  the  Pinus  contorta/ 
Vaccinium  scoparium  habitat  type. 


Figure  19.  — P/cea  engelmannii/Vac- 
cinium scoparium  habitat  type 
occurring  here  on  limestone  de- 
rived soil.  In  this  climax  stand, 
most  size  classes  of  Picea  are 
represented.  There  is  a  sizeable 
clump  of  Juniperus  communis  in 
the  center  of  the  photo. 
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Reed  (1969)  described  a  Picea  engelmannii/Vac- 
cinium  scoparium  habitat  type  in  the  Wind  River 
Mountains  in  which  Picea  was  dominant  but  Abies 
lasiocarpa  was  also  present  and  reproducing  in  some 
stands.  This  habitat  type  has  few  species  in  common 
with  its  counterpart  habitat  type  in  the  Bighorns.  In 
Montana,  there  is  no  direct  counterpart  to  this 
habitat  type,  but  Pfister  and  others  (1974)  describe 
several  P.  engelmannii-domimited  habitat  types  in 
which  Vaccinium  scoparium  is  an  understory  species. 
In  the  Black  Hills  there  is  no  Picea  engelmannii,  but 
a  Picea  glauca/ Vaccinium  scoparium  habitat  type 
has  been  described  which  occupies  very  mesic  habi- 
tats on  both  limestone  and  granitic  soils  (Thilenius 
1971). 


Management  Implications. — Timber  productivity 
varies  considerably  (Alexander  1967).  Understory 
vegetation  changes  slowly  after  major  disturbance, 
and  competition  is  not  severe  between  tree  seedlings 
and  understory  vegetation.  There  may  be  a  manage- 
able stand  of  advanced  reproduction  in  much  of  this 
habitat  type.  While  most  silvicultural  systems  can  be 
used  (Alexander  1974),  removal  of  the  mature  over- 
story  in  these  mixed  stands  is  likely  to  result  in  an 
even-aged  replacement  stand  of  serai  Pinus  contorta 
unless  extreme  care  is  taken  in  logging  to  protect 
advanced  Picea  engelmannii.  In  mixed  stands  where 
P.  contorta  makes  up  a  large  part  of  the  overstory, 
a  shelterwood  system  that  removes  most  of  the  P. 
contorta  in  the  first  cut  can  be  used  to  maintain  or 
increase  the  proportion  of  P.  engelmannii  in  the 
stand.  Clearcutting  is  more  likely  to  eliminate  P. 
engelmannii  on  southerly  exposures  than  on  other 
aspects.  Where  protection  from  direct  solar  radia- 
tion and  excessive  soil  moisture  losses  is  necessary  for 
survival  of  P.  engelmannii  seedlings,  shelterwood  is 
the  only  appropriate  even-aged  system.  Uneven-aged 
management  with  group  selection  or  individual-tree 
selection  cutting  can  be  used  in  mixed-age  stands. 
Group  selection  is  likely  to  perpetuate  the  existing 
species  mix,  while  individual  tree  selection  will  favor 
P.  engelmannii.  especially  if  the  initial  cutting 
removes  a  large  proportion  of  P.  contorta. 

The  Picea  engelmannii/Vaccinium  scoparium  hab- 
itat type  is  not  heavily  used  by  livestock,  but  is  big 
game  summer  range.  It  occupies  some  of  the  highest 
water-yielding  areas  (up  to  38  cm  (15  inches)  of 
natural  runoff  annually)  in  the  Bighorn  Mountains. 
Small  patch  or  strip  clearcuts  results  in  greater 
forage  production  for  big  game  animals  and  larger 
increases  in  water  available  for  streamflow  than 
either  shelterwood,  group  selection,  or  individual- 
tree  selection  cutting  (Wallmo  1969,  Leaf  1975).  New 
openings  must  be  cut  periodically  to  maintain  these 
increases. 


Abies  lasiocarpa  Series 

This  series,  represented  by  34  plots,  occupies  the 
highest  coniferous  forest  zone  in  the  Bighorn  Moun- 
tains (see  table  1).  These  forests — dominated  by 
Abies  lasiocarpa  and  Picea  engelmannii — are  usually 
referred  to  as  subalpine,  but  both  species  can  extend 
to  low  elevations  under  suitable  moisture-tempera- 
ture regimes. 

The  habitat  types  described  in  this  series  are  all 
named  for  Abies  lasiocarpa  as  the  climax  dominant 
to  be  consistent  with  common  usage  (Daubenmire 
and  Daubenmire  1968).  In  the  Bighorns,  Picea 
engelmannii  is  a  coclimax  dominant,  with  little 
evidence  that  it  will  ever  be  completely  replaced  by 
A.  lasiocarpa.  Young  A.  lasiocarpa  usually  out- 
number the  young  P.  engelmannii  because  A.  lasio- 
carpa reproduces  largely  by  layering,  whereas  P. 
engelmannii  reproduces  only  from  seed.  In  most 
stands,  Pinus  contorta  is  present  as  a  serai  species, 
and  in  a  few  stands  it  appears  to  be  self- perpetuat- 
ing. 

Following  disturbance,  both  A.  lasiocarpa  and  P. 
engelmannii  can    reestablish    immediately    with    orr 
without  P.  contorta.  depending  on  the  type  of  dis- 
turbance and  availability  of  seed.  P.   contorta  is  a 
less-vigorous  invader  of  habitats  on  limestone  soils  $[ 
than  on  those  of  granitic  origin. 

Three  habitat  types  are  recognized  in  this  series.., 
Stands  sampled  ranged  from  90  to  410  years  old  atil 
breast  height.   Basal  areas   of  A.    lasiocarpa   never 
exceeded   30   mVha   (131    ft V acre).   P.    contorta  isii 
more  likely  to  occur  in  stands  less  than  200  years  old.l.i 
but  its  basal  area  never  exceeded   50   mVha   (218 
ft  Vacre)  regardless  of  age.  The  maximum  basal  area 
of  P.  engelmannii  in  stands  younger  than  200  years 
was  30  mVha;  but  in  stands  older  than  200  years,  it 
was  74  mVha  (322  ftVacre)  (fig.  20).  (Tree  popula- 
tion data  and  undergrowth  data  for  Abies  lasiocarpa 
stands  are  recorded  in  the  appendix,  tables  3  and  8 
respectively.) 


Abies  lasiocarpa/Vaccinium  scoparium 

Description. — This  habitat  type,  represented  by  2f 
stands,  is  recognized  by  the  almost  constant  presencf 
and  reproductive  success  oi  Abies  lasiocarpa  and  b; 
the  abundance  and  understory  dominance  of  Vac 
cinium  scoparium  (tig.  21).  Picea  engelmannii  i: 
present  as  a  self-reproducing  coclimax  species. 

The  overstory  is  dominated  by  A.  lasiocarpa  am 
P.  engelmannii.  Pinus  contorta  is  an  important  sera 
species  (fig.  22);  Pseudotsuga  menziesii  is  an  oc 
casional  minor  serai  species.  Ground  cover  of  Vac 
cinium  scoparium  varies  from  nearly  100  percent  ti 
as  low  as  10  percent.  Other  understory  species  will 
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Figure  20.  — Basal  areas  of  impor- 
tant tree  species  in  Abies  lasio- 
carpa-dominated  habitat  types. 
Data  show  relationships  among 
stand  age  and  numbers  of  stands 
in  which  species  occur.  (Solid 
bars  are  A.  lasiocarpa,  open  bars 
are  P.  engelmannii,  and  hatched 
bars  are  P.  contorta.) 
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Figure  21.~/\£»;'es  lasiocarpa/Vaccinium  scoparium  habitat  type.  Left.  One  of  the  most  mature  stands  studied,  there 
is  no  Pinus  contorta  present.  Right.  Ground  cover  of  unusually  dense  Vaccinium  scoparium  which  is  slightly  higher 
than  1  dm. 


Figure  22.— Abies  lasiocarpa/Vac- 
cinium scoparium  habitat  type. 
This  is  an  old  serai  stand  in 
which  most  of  the  large  trees  are 
nonreproducing  Pinus  contorta. 
The  reproducing  trees  are  Picea 
engelmannii  and  Abies  lasiocar- 
pa. Ground  cover  is  typical  Vac- 
cinium scoparium  union. 


high  constancy  are  Poa  nervosa,  Antennaria  race- 
mosa.  Arnica  cordijolia,  Epilobium  angustifolium, 
Lupinus  argenteus.  Fragaria  virginiana,  Potentilla 
diversifolia,  and  Pyrola  secunda. 

The  Abies  lasiocarpa/Vaccinium  scoparium  habi- 
tat type,  or  others  very  similar  to  it.  occur  through- 
out a  large  region  ot"  the  Rocky  Mountains.  In  Mon- 
tana, it  constitutes  most  of  the  highest  elevation 
forested  zone  east  of  the  Continental  Divide  (Pfister 
and  others  1974). 

Management  Implications. — This  habitat  type  is 
quite  similar  in  management  implications  to  the 
Picea  engelmannii/Vaccinium  scoparium  habitat 
type  in  the  Bighorns,  and  the  two  can  be  treated  in 
the  same  manner.  There  is  one  important  difference 
however,  the  presence  o{  A.  lasiocarpa  in  the  under- 
story.  Any  silvicultural  system  that  depends  on 
advanced  reproduction  or  reproduction  establishing 
under  a  partial  overstory  following  cutting,  will  have 
a  high  proportion  of /4.  lasiocarpa  in  the  replacement 
stand. 


Abies  lasiocarpa/Shepherdia  canadensis 

Description. — The  Abies  lasiocarpa/Shepherdia 
canadensis  habitat  type,  represented  by  two  stands, 
is  limited  to  north  slopes  along  the  west  side  of  the 
Bighorn  Mountains.  This  habitat  type  may  be  a 
phase  of  the  A.  lasiocarpa/Vaccinium  scoparium 
habitat  type,  but  the  abundance  of  Shepherdia 
canadensis  is  a  very  distinctive  characteristic,  thus 
for  the  present  the  vegetation  is  categorized  at  the 
habitat  type  level  (fig.  23). 

The  overstory  is  dominated  by  the  self-producing 
species  A.  lasiocarpa  and  Picea  engelmannii.  Pinus 
contorta  is  an  important  serai  species  and  Pseudo- 
tsuga  menziesii  a  minor  serai  species.  In  addition  to 
Shepherdia  canadensis,  Vaccinium  scoparium  is  well 
represented  in  the  understory.  Other  important 
understory  species  include  yw«/pt'n/5  communis,  Ber- 
beris  repens,  Linnaea  borealis.  Spiraea  betulifolia, 
Rosa  acicularis,  Pyrola  secunda,  and  Arnica  cordi- 
jolia. 

There  is  apparently  no  counterpart  to  this  habitat 
type  in  the  Medicine  Bow  Mountains  (Wirsing  and 
Alexander  1975),  Wind  River  Mountains  (Reed 
1969)  or  in  Montana  (Pfister  and  others  1974). 

Management  Implications. — The  management  im- 
plications for  this  habitat  type  are  similar  to  the 
Picea  engelmannii/Vaccinium  scoparium  habitat 
type,  and  the  two  can  generally  be  handled  in  the 
same  manner.  However,  timber  productivity  may  be 


lower  and  competition  more  severe  between  tree 
seedlings  and  understory  vegetation  in  this  habitat 
type. 


Abies  lasiocarpa/ Arnica  cordifolia 

Description. — This  habitat  type  occurs  on  shale- 
derived  soils  and  represents  some  of  the  oldest  forests 
dominated  by  Abies-Picea  in  the  Bighorn  Mountains. 
The  significant  diagnostic  characteristics  of  the  seven 
stands  representing  this  habitat  type  are  the  self- 
reproducing  population  of  Abies  lasiocarpa  and 
Picea  engelmannii,  the  constant  occurrence  oi Arnica 
cordifolia.  and  the  virtual  absence  of  Vaccinium 
scoparium  (fig.  24). 

The  overstory  is  dominated  by  A.  lasiocarpa  and 
P.  engelmannii.  In  some  stands,  the  latter  species  is 
present  in  substantial  numbers  in  only  the  larger 
diameter  classes.  Serai  trees  in  this  habitat  type 
include  Pinus  contorta  and  Pseudotsuga  menziesii, 
but  they  do  not  occur  in  all  stands.  The  understory 
may  be  sparse.  In  addition  to  Arnica  cordifolia; 
four  or  more  of  the  stands  sampled  also  contained 
Rihes  lacustre,  Poa  nen'osa,  Antennaria  racemosa. 
Allium  brevistylum.  Arnica  latijolia,  Epilobium  an- 
gustifolium, Fragaria  virginiana,  Galium  boreale,. 
Lupinus  argenteus,  Moneses  uniflora,  Pyrola  secun-\ 
da  and  Thalictrum  occidentale. 

The  only  other  Abies  lasiocarpa/ Arnica  cordifolic 
habitat  type  reported  occurs  in  Montana  (Pfister  andl 
others  1974).  In  addition  io  Antic  a  cordifolia,  speciesj 
occurring  in  at  least  50  percent  of  the  stands  in  boti 
Montana  and  in  the  Bighorns  are  Fragaria  virgin-\ 
iana,  Pyrola  secunda,  and  Thalictrum  occidentale. 


Management  Implications. — Understory  vegeta- 
tion does  not  compete  severely  with  tree  seedlingsl 
after  cutting.  Timber  productivity  may  be  lower  inl 
this  habitat  type  than  in  the  Abies  lasiocarpa/Vac-\ 
cinium  scoparium  habitat  type.  Even-  and  uneven- 
aged  silvicultural  systems — which  benefit  timber  and 
water  production,  and  recreation  and  esthetics — 
suggested  for  the  Picea  engelmannii/Vaccinium 
scoparium  habitat  type  are  applicable  here.  Manage- 
ment with  advanced  reproduction  is  likely  to  result  in 
a  replacement  stand  predominantly  of  Abies  lasio- 
carpa, however.  In  older  stands,  some  treatment  of 
down  material  is  necessary  for  future  management. 
Younger  stands  provide  some  forage  for  livestock 
and  big  game,  but  older  stands  are  used  primarily 
for  bedding  grounds.  The  potential  for  increasing 
forage  production  by  harvesting  timber  is  not  great 
in  this  habitat  type. 
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Figure  23.— Abies  lasiocarpa/Shep- 
herdia  canadensis  habitat  type. 
Pinus  contorta  is  an  important 
sera!  species  in  this  stand.  The 
ground  cover  is  donninated  by 
Sheplierdia  canadensis,  which 
grows  to  about  7  dm.  Under  the 
Shepherdia  and  apparent  in  the 
foreground  is  Vaccinium  scopar- 
ium. 


Figure  24.— Abies  lasiocarpa/ Arni- 
ca cordifolia  habitat  type.  A.  In 
this  photograph,  taken  at  the 
edge  of  the  stand,  most  size 
classes  of  Picea  engelmannii  and 
Abies  lasiocarpa  are  present. 
Pinus  contorta  however  is  present 
only  in  larger  size  classes.  B.  The 
Arnica  cordifolia  union  shares 
numerous  species  with  the  Vac- 
cinium scoparium  union,  except 
for  Vaccinium  which  is  absent  or 
very  rare  in  the  Arnica  union. 
Shown  here  are  A.  cordifolia,  A. 
latifolia,  Thalictrum  occidentale, 
Lupinus  spp..  Allium  brevistylum, 
Galium  boreale  and  Pyrola  secun- 
da.  Mosses  and  lichens  form  a 
conspicuous  carpet  over  the  dead 
organic  matter  on  the  forest  floor. 
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KEY  TO  THE  FOREST  HABITAT  TYPES 
OF  THE  BIGHORN  MOUNTAINS 

1.  Conifers  absent  or  rare,  not  reproducing;  domi- 
nant tree  species  is  Populus  tremuloides 

POPU- 
LUS TREMULOIDES/LUPINUS  ARGENTEUS 

1 .  Conifers  present  and  reproducing  in  the  habitat 

2.  Pitius  ponderosa  present;  other  conifers  absent 

3.  Undergrowth  dominated  by  herbaceous 
species;  grasses  particularly  important 

4.  Agropyron  spicatum  dominant  in  the 
undergrowth;  Bahamorhiza  sagittata 
also  conspicuous PINUS  PON- 
DEROSA/A  GROPYRON    SPICA  TUM 

4.  Festuca  idahoensis  dominant  in  the 
undergrowth;    habitat    somewhat    more 

mesic  than  above   PINUS  PON- 

DEROSA/FESTUCA  IDAHOENSIS 

3.  Undergrowth  dominated  by  shrubby  species 

5.  Juniperus  communis  dominant  in  the 
undergrowth;  Spiraea  betulifblia,  Sym- 
phoricarpos  alhus.  and  Berberis  repens 
may  also  be  conspicuous 

PINUS  PON- 

DEROSA/JUNIPERUS      COMMUNIS 

5.  Juniperus  communis  absent  or  rare  in 
the  undergrowth 

6.  Spiraea  betulifolia  dominant  in  the 
undergrowth;  Symphoricarpos  albus 
and  Berberis  repens  may  also  be  con- 
spicuous. Physocarpus  monogynus 
absent  or  rare  . .  .  PINUS  PONDER- 
OSA/SPIRAEA         BETULIFOLIA 

6.  Physocarpus  monogynus  dominant  in 

the  undergrowth   

PINUS  PONDEROSA/ 

PHYSOCARPUS    MONOGYNUS 

2.  Coniferous  trees  other  than  Pinus  ponderosa 
present  and  reproducing 

7.  Pinus  contorta.  Picea  engeimannii,  and 
Abies  lasiocarpa  absent  or  at  least  not 
reproducing;  Pseudotsuga  menziesii  repro- 
ducing satisfactorily 


8.  Physocarpus    monogynus    dominant    in 

the  undergrowth 

PSEUDOTSUGA  MENZIE- 
SII/PHYSOCARPUS      MONOGYNUS 

8.  Physocarpus  monogynus  absent  or  rare 
in  the  undergrowth 

9.  Juniperus  communis  dominant  in  the 
undergrowth;  Berberis  repens  not 
abundant,  may  be  absent;  under- 
growth generally  sparse   

PSEUDOTSUGA 

MENZIESII/BERBERIS     REPENS 
JUNIPERUS   COMMUNIS    PHASE 

9.  Juniperus  communis  present  or  ab- 
sent in  the  undergrowth;  not  domi- 
nant;  Berberis   repens   dominant    in 

the  undergrowth  

PSEUDOTSUGA 

MENZIESH/BERBERIS     REPENS 


7.  Pinus  contorta.  Picea  engeimannii,  or  Abies 
lasiocarpa  present.  Pseudotsuga  menziesii 
may  be  present  but  not  reproducing  satis- 
factorily 

10.  Pinus  contorta  reproducing;  no  evi- 
dence of  invasion  by  Picea  engeiman- 
nii, Abies  lasiocarpa,  or  Pseudotsuga 
menziesii 

11.  Undergrowth  dominated  hy  A rcto- 
staphylos  uva-ursi:  Vaccinium  sea- 

parium  absent  or  rare 

PINUS  CONTORTA/ 

ARCTO STAPHYLOS  UVA-URSI  \ 

11.  Undergrowth   dominated   by    Vac- 
cinium scoparium;  Arctostaphylos  ) 
uva-ursi  absent  or  rare 

PINUS  CONTOR- 

TA/VACCINIUM     SCOPARIUM  li 

10.  Picea  engeimannii  and /or  Abies  lasio-  ' 
carpa  dominant  and  reproducing;  ; 
Pinus  contorta  and /or  Pseudotsuga  '■ 
menziesii  may  be  present  but  reproduc-i  j 
ing  insufficiently  to  maintain  popula- 
tion 

i 

12.  Abies  lasiocarpa  absent;  Picea  e»'«| 
gelmannii  dominant.  Undergrowth  , 
dominated   by    Vaccinium   scopar ' 

ium   PICEA  ENGELMAN-^ 

NH /VACCINIUM    SCOPARIUM^ 
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12.  Both  Picea  engelmannii  and  Abies 
lasiocarpa  dominant 


13.  Undergrowth     dominated     by 

Shepherdia  canadensis 

ABIES  LASIOCARPA/SHEP- 
HERD  I A      CANADENSIS 


13.  Shepherdia  canadensis  absent 
or  rare,  not  dominant  in  the 
undergrowth 


14.  Undergrowth  dominated 
by  Vaccinium  scoparium  . 

ABIES 

LASIOCARPA     /     VAC- 
CINIUM SCOPARIUM 

14.  Undergrowth  dominated 
by  Arnica  cordifolia;  Vac- 
cinium  scoparium    absent 

or  rare   . 

ABIES  LASIOCARPA/ 
ARNICA     CORDIFOLIA 

The  distribution  and  successional  status  of  tree 
species  in  relation  to  habitat  type  are  shown  in  figure 
25. 
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Figure  25.  — Distribution  of  tree  species  through  habitat  types,  showing  dynamic  status. 
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DISCUSSION 
Habitat  Type  Classincation 

A  habitat  type  classification  of  forest  lands  is 
considered  a  natural  classification  in  that  vegetation 
dynamics  and  their  expressions  are  recognized  and 
described.  The  classification  also  is  an  initial  assess- 
ment of  pertinent  ecosystem  characteristics,  and 
provides  the  framework  in  which  to  relate  other 
ecosystem  studies. 

Vegetation  is  utilized  as  the  principal  component 
of  the  classification  scheme  because  it  is  convenient 
to  recognize  habitat  types  by  their  climax,  or 
potentially  climax,  vegetation.  Within  the  classifica- 
tion system,  additional  studies  may  relate  to  tree 
growth,  to  the  possibility  of  predicting  disease  and 
insect  susceptibility,  to  recognizing  suitable  browse 
production  areas  following  disturbance,  and  to 
correlations  between  vegetation  and  soil  factors 
(Daubenmire  1961,  Roe  1967). 

Identifying  habitat  types  also  allows  mapping  of 
recognizable  land  units  which  have  significant  simi- 
larities and/or  dissimilarities.  It  has  been  argued 
that  variation  in  vegetation  is  continuous  to  the 
extent  that  boundaries  can  only  be  defined  arbitrar- 
ily. There  is  sufficient  evidence  to  suggest,  however, 
that  an  ecologic  approach  which  distinguishes  serai 
from  climax  species,  recognizes  self- perpetuating 
populations,  recognizes  that  not  all  species  are  of 
equal  ecologic  importance,  and  attempts  to  relate 
abiotic  factors  with  biotic  factors  will  also  recognize 
significant  discontinuities  in  the  vegetational  gradi- 
ents. Maps  which  result  from  intensive  study  of 
habitat  types  are  permanent;  they  reflect  the  poten- 
tial of  the  land  units.  If  needed,  suitable  symbols  can 
be  utilized  to  indicate  the  nature  of  the  current 
standing  crops  of  vegetation  on  given  habitat  types. 
Classifying  and  mapping  large  blocks  of  natural 
forests  into  manageable  units  presents  insurmount- 
able problems  if  the  discontinuities  of  the  vegetation 
are  not  considered. 

Finally,  the  habitat  type  approach  utilizes  indica- 
tor species  to  signify  possible  important  ecosystem 
differences.  For  example,  the  presence  or  absence  of 
significant  quantities  of  Arctostaphylos  uva-ursi  in 
Pinus  contorta  forests  in  the  Bighorns  is  of  prime 
ecologic  importance  that  can  be  attributed  to  soil 
moisture  differences.  In  high-elevation  Abies  lasio- 
carpa/Picea  engelmannii  forests,  the  absence  of 
Vaccinium  scoparium  is  of  singular  importance,  and 
is  correlated  with  several  soil  characteristics. 


Biotic  Succession 

A  fundamental  concept  in  ecology  is  that  of  biotic 
succession — changes     in     population     structure     of 


species  with  time  that  continue  until  change  is 
imperceptible.  Populations  are  then  in  an  apparent 
steady  state  with  their  environment,  and  the  biotic 
community  is  referred  to  as  climax. 

When  disturbed,  all  forest  vegetation  in  the  Big- 
horns can  redevelop  along  various  lines  of  succession. 
Climax  vegetation  can  reestablish  directly  on  sites 
previously  occupied,  or  it  can  be  replaced  temporar- 
ily, sometimes  for  several  hundred  years,  by  serai 
communities.  Pinus  ponderosa  and  Pseudotsuga 
menziesii  invade  the  upslope  or  into  more  mesic  sites 
following  disturbance.  Picea  engelmannii  and  Abies 
lasiocarpa,  on  the  other  hand,  exhibit  no  strong 
tendency  to  move  downslope  or  into  more  xeric  sites 
following  disturbance  (fig.  25).  Pinus  contorta  is  the 
only  tree  species  in  the  Bighorns  which  moves  both 
upslope  and  downslope  following  disturbance  (fig. 
25). 

Pinus  contorta  is  the  most  abundant  tree  in  the 
Bighorns,  but  much  about  its  ecology  is  inadequately 
understood.  Most  stands  of  P.  contorta  originated 
following  fire,  and  some  persist  as  extremely  dense, 
even-aged  stands.  Not  all  stands  of  P.  contorta  are 
serai  or  subclimax,  however.  In  some,  the  popula- 
tion structure  is  that  of  a  self-reproducing  species, 
and  there  is  little  evidence  of  replacement  by  Picea 
engelmannii  or  Abies  lasiocarpa.  There  are  some 
clearcut  areas  in  the  Bighorns  where  P.  contorta  is 
not  invading  even  though  causes  of  failure  to  reestab- 
lish are  not  apparent.  Lack  of  successful  regenera- 
tion on  these  sites  underscores  the  need  for  a  better 
understanding  of  the  forest  ecology  of  the  Bighorns. 

Distributional  Relationships  of  Trees 
in  the  Bighorns 

The  distribution  of  forest  trees  in  the  Bighorns  is 
shown  along  an  elevational  (temperature-moisture) 
gradient  in  figure  26.  Along  this  gradient,  each 
species  is  climax  for  only  the  portion  shown  in  heavy 
lines.  Abies  lasiocarpa  is  the  only  species  that  is 
climax  over  its  entire  elevational  range.  Pinus  Jlexilis,  ( 
on  the  other  hand,  is  always  serai  to  either  Pinus 
ponderosa  or  Pseudotsuga  menziesii.  P.  menziesii 
and  Pinus  contorta  occupy  relatively  large  elevational 
ranges  in  the  Bighorns,  but  are  climax  over  only  a 
limited  portion.  Because  most  tree  species  occupy  a 
relatively  broad  elevational  range,  it  is  important  to 
recognize  habitat  types  at  the  elevational  range  where, 
each  tree  is  the  most  effective  competitor,  an|^ 
produces  stable  populations. 


Species  Richness 


anfl 


The  median  number  of  species  per  125  m^  sampiel 
for  each  habitat  type  is  shown  in  table  2.  In  contrast! 
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Figure  26.— Tree  distributions  in  the  Bighorn 
Mountains.  Horizontal  bars  represent  rela- 
tive extent  of  tree  distributions  along 
clinnatic  gradient.  Heavy  lines  indicate  that 
portion  of  the  gradient  w/here  each  species 
is  climax. 


Table  2.   Species  richness  of  the  ground  cover  in  habitat 
types  of  the  Bighorn  Mountains 


Habitat  type 

Med  ian  number 

of  undergrowth 

spec  ies 

Number  of 
stands  studied 

Pinus  ponderosa/ 

Agropyron  splcatum 

20 

1 

Pinus  ponderosa/ 

Festuca  idahoensis 

25 

2 

Pinus  ponderosa/ 

Juniperus  communis 

18 

1 

Pinus  ponderosa/ 

Sp  i  raea  betul  i  fol  ia 

26 

2 

Pinus  ponderosa/ 

Physocarpus  monogynus 

27 

^1 

Pseudotsuga  menziesii/ 

Berberis  repens,  Juniperus 

communis  phase 

22 

2 

Pseudotsuga  menziesii/ 

Berber  i  s  repens 

19 

8 

Pseudotsuga  menziesii/ 

Physocarpus  monogynus 

25 

3 

Populus  tremuloides/ 

Lupinus  argenteus 

2k 

h 

Pinus  contorta/ 

Arctostaphylos  uva-ursi 

18 

5 

Pinus  contorta/ 

'    Vaccinium  scoparium 

20 

11 

Picea  engelmannii/ 

i    Vaccinium  scoparium 

C 

18 

11 

■j  Abies  lasiocarpa/ 

i   Shepherd ia  canadensis 

25 

2 

;  Abies  lasiocarpa/ 

'   Vaccinium  scoparium 

25 

25 

Abies  lasiocarpa/ 

Arnica  cord  ifol  ia 

26 

7 

■i :^ 

'Based  on    125  m^    per   stand 


to  the  Wind  River  Mountains  (Reed  1969),  ground 
cover  in  habitat  types  of  the  Bighorns  does  not 
decrease  in  species  richness  as  elevation  increases. 
There  is  one  peak  in  the  low-elevation  Pinus  ponder- 
osa/Physocarpus  monogynus  habitat  type,  and 
another  in  the  high-elevation  Ahies  lasiocarpa/ 
Arnica  cordifolia  habitat  type.  Habitat  types  with  the 
fewest  understory  species  occur  more  often  on 
granitic  soils.  An  exception  is  the  Pseudotsuga 
menziesii/Berberis  repens  habitat  type  found  on  both 
granitic  and  sedimentary  soils.  Tree  species  richness 
is  relatively  simple  in  the  Bighorns.  The  most  tree 
species  (four)  occur  in  the  Pseudotsuga  menziesii 
habitat  type  at  intermediate  elevations,  and  in  Abies 
lasiocarpa  habitat  types  at  high  elevations. 

Long-term  Vegetational  Changes 
in  the  Bighorns 

The  only  way  to  document  long-term  vegetational 
changes  is  to  compare  quantitative  records  of  exist- 
ing vegetation  with  similar  past  records.  Unfortu- 
nately, quantitative  vegetational  data  were  seldom 
obtained  in  early  assessments  of  the  forests  in  the 
Bighorns.  Photographs  can  be  useful  in  this  respect, 
however.  Gross  changes  in  the  vegetation  at  one 
location  are  apparent  when  photographs  taken  by 
Darton  (1906)  and  again  in  1973  were  compared 
(figs.  27,  28).  During  the  years  since  Barton's  work, 
fewer  fires  occurred,  and  they  burned  over  much 
smaller  areas.  As  a  result,  present  forests  have  a 
more  closed  appearance. 
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Figure  27.  — East  side  of  the  Bighorns  along  Highway  14.  Left.  Photograph  tal<en  between  1901  and  1905  by  N.  H. 
Darton.  Note  sparse  vegetation  either  side  of  massive  limestone  outcrop.  (Photo  courtesy  of  U.S.  Geo!.  Survey.) 
Right.  Same  location  photographed  in  1973.  Succession  has  filled  in  most  of  the  area  with  Pinus  contorta  and 
Picea  engelmannii. 


Figure  28.  — Near  the  bottom  of  Ten- 
sleep  Canyon  along  Highway  16. 
Above.  Photograph  taken  between 
1901  and  1905  by  N.  H.  Darton.  Note 
sparse  vegetation  along  canyon 
slope.  (Photo  courtesy  of  U.S.  Geol. 
Survey.)  Right.  Same  location  photo- 
graphed in  1973.  Succession  fiere  is 
very  slow,  though  a  few  more  trees 
now  occupy  the  slope  of  the  canyon. 
Some  trees  in  the  original  Darton 
photo  are  still  present. 


LITERATURE  CITED 


Alexander,  Robert  R. 

1966.  Site  indexes  for  lodgepole  pine,  with  cor- 
rections for  stand  density:  Instructions  for  field 
use.  U.S.  For.  Serv.  Res.  Pap.  RM-24,  7  p. 
Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort 
Collins,  Colo. 

Alexander,  Robert  R. 

1967.  Site  indexes  for  Engelmann  spruce  in  the 
central  Rocky  Mountains.  U.S.  For.  Serv.  Res. 
Pap.  RM-31,  7  p.  Rocky  Mt.  For.  and  Range 
Exp.  Stn.,  Fort  Collins,  Colo. 

Alexander,  Robert  R. 

1974.  Silviculture  of  subalpine  forests  in  the 
central  and  southern  Rocky  Mountains:  The 
status  of  our  knowledge.  USDA  For.  Serv.  Res. 
Pap.  RM-121,  88  p.  Rocky  Mt.  For.  and 
Range  Exp.  Stn.,  Fort  Collins,  Colo. 
Chapman,  Homer  D.,  and  Parker  F.  Pratt. 

1961.  Methods  of  analysis  for  soils,   plants,   and 
waters.  309  p.   Univ.   Calif.,   Div.   Agric.   Sci., 
Riverside. 
Darton,    N.  H. 

1906.   Geology  of  the  Bighorn   Mountains.   U.S. 
Geol.  Surv.  Prof.  Pap.  51.  129  p. 
Daubenmire.  R. 

1943.   Vegetation  zonation  in  the   Rocky  Moun- 
tains. Bot.  Rev.  9:325-393. 
Daubenmire,  R. 

1952.    Forest   vegetation   of  northern    Idaho   and 
adjacent  Washington  and  its  bearing  on  con- 
cepts of  vegetation  classification.  Ecol.  Monogr. 
22:301-330. 
Daubenmire,  R. 

1961.    Vegetative    indicators    of   rate    of    height 
growth  in  ponderosa  pine.  For.  Sci.  7:24-34. 
Daubenmire,  R. 

1968.  Plant  communities.  A  textbook  of  plant 
snyecology.  300  p.  Harper  and  Row,  New  York. 

Daubenmire,  R. 

1974.  Taxonomic  and  ecologic   relationships   be- 
tween Picea  glauca  and  Picea  engelmannii.  Can. 
J.  Bot.  52:1545-1560. 
Daubenmire,  R.,  and  Jean  B.  Daubenmire. 

1968.  Forest  vegetation  of  eastern  Washington  and 
northern  Idaho.  Wash.  State  Agric.  Exp.  Stn. 
Tech.  Bull.  60,  104  p. 
Despain,  Don  G. 

1973.    Vegetation    of    the    Bighorn    Mountains, 
Wyoming,  in  relation  to  substrate  and  climate. 
Ecol.  Monogr.  43:329-355. 
BJack,  J.  G. 

1900.  Forest  and  grazing  conditions  in  the  Bighorn 
Forest  Reserve,  Wyoming.  U.S.  For.  Serv. 
Mimeo.  Rep.,  179  p. 


Leaf,  Charles  F. 

1975.  Watershed  management  in  the  Rocky 
Mountain  subalpine  zone:  The  status  of  our 
knowledge.  USDA  For.  Serv.  Res.  Pap. 
RM-137,  31  p.  Rocky  Mt.  For.  and  Range  Exp. 
Stn.,  Fort  Collins,  Colo. 

Leaf,  Charles  F.  and  Robert  R.  Alexander. 

1975.  Simulating  timber  yields  and  hydrologic 
imports  resulting  from  timber  harvest  on  sub- 
alpine watersheds.  USDA  For.  Serv.  Res.  Pap. 
RM-133,  20  p.  Rocky  Mt.  For.  and  Range  Exp. 
Stn.,  Fort  Collins,  Colo. 

Moodie,  C.  D.,  H.  N.  Smith,  and  R.  L.  Hausenbuil- 
ler. 

1963.  Laboratory  manual  for  soil  fertility.  Dep. 
Agron.,  Wash.  State  Univ.,  Pullman,  198  p. 

Myers,    Clifford    A.,    Frank    G.    Hawksworth,    and 

James  L.  Stewart. 

1971.  Simulating  yields  of  managed  dwarf  mistle- 
toe infested  lodgepolepine  and  spruce-fir  timber 
in  Colorado.  USDA  For.  Serv.  Res.  Pap.  RM- 
71,  15  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn., 
Fort  Collins,  Colo. 

Pfister,  Robert  D.,  Bernard  L.  Kovalchik,  Stephen 
F.  Arno,  and  Richard  C.  Prebby. 

1974.  Forest  habitat  types  of  Montana.  U.S.  Dep. 
Agric,  For.  Serv.  Intermt.  For.  and  Range  Exp. 
Stn.  and  North.  Reg.  Mimeo.  Rep.,  Missoula, 
Mont.  312  p. 
Porter.  C.  L. 

1962.  A  flora  of  Wyoming,  Part  1.  Univ.  Wyo. 
Agric.  Exp.  Stn.  Bull,  402,  39  p. 

Reed,  Robert  M. 

1969.  A  survey  of  forest  vegetation  in  the  Wind 
River  Mountains,  Wyoming.  Ph.D.  Diss.  77  p. 
Wash.  State  Univ.,  Pullman.  [Diss.  Abstr.  30(7) 
3051  B,  1970]. 

Roe,  Arthur  L. 

1967.  Productivity  indicators  in  western  larch 
forests.  U.S.  For.  Serv.  Res.  Note  INT-59,  4  p. 
Intermt.  For.  and  Range  Exp.  Stn.,  Ogden, 
Utah. 

Rolston,  L.  K. 

1961.  The  subalpine  coniferous  forest  of  the  Big- 
horn Mountains,  Wyoming.  M.S.  Thesis,  50  p. 
Univ.  Wyoming,  Laramie. 

Thilenius,  John  F. 

1971.  Vascular  plants  of  the  Black  Hills  of  South 
Dakota  and  adjacent  Wyoming.  USDA  For. 
Serv.  Res.  Pap.  RM-71,  43  p.  Rocky  Mt.  For. 
and  Range  Exp.  Stn.,  Fort  Collins,  Colo. 

Town,  F.  E. 

1899.  Bighorn  Forest  Reserve,  p.  165-190.  In  U.S. 
Geol.  Surv.  19th  Annu.  Rep.,  1897-98.  Wash- 
ington, D.C. 


27 


Wallmo,  O.  C. 

1%9.  Response  of  deer  to  alternate-strip  clear- 
cutting  of  lodgepole  pine  and  spruce-fir  timber 
in  Colorado.  USDA  For.  Serv.  Res.  Note  RM- 
141.  4  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn., 
Fort  Collins,  Colo. 


Wirsing,  John  M.,  and  Robert  R.  Alexander. 

1975.  Forest  habitat  types  on  the  Medicine  Bov 
National  Forest,  southeastern  Wyoming:  Pre 
liminary  report.  USDA  For.  Serv.  Gen.  Tech 
Rep.  RM-12.  12  p.  Rocky  Mt.  For.  and  Rang( 
Exp.  Stn..  Fort  Collins.  Colo. 


28 


APPENDIX 


Table  3.  Tree  population  structures  for  each  habitat  type.   Numbers  of  trees  listed  are  based  on  sample  plot  data  of  375 
stand.   Species  having  a  coverage  of  less  than  0. 1^  are  indicated  by  +. 


Habitat  type  and  species 


No.    of 

Mean 

stands 

basal 

sampled 

area 

m^/ha 

1 

27.8 

2 

33.1 

1 

62.0 

2 

32.2 

k 

Diameter  (at  breast  height)  classes  in  dm 


0-1        1-2    2-3    3-^    A-5    5-6 
.5    >.5 


6-7    7-8 


HT  Pseudotsuga  menz  ies  J 


^^  P ' n u s  ponderosa  -  Agropyron  spicatum 

Pinus  ponderosa 

HT  Pinus  ponderosa  -  Festuca  Jdahoensis 

Pinus  ponderosa 

^■^   Pinus  ponderosa  -  Jun  i  perus  communis 

Pi nus  ponderosa 

HT  P  inus  ponderosa  -  Spi  raea    betul J  fol ia 

Pinus  ponderosa 

HT  Pinus  ponderosa  -  Physocarpus  monogynus 

Pinus  ponderosa 

Pinus  flexilis 

Pseudotsuga  menziesii 

HT  Pseudotsuga  menziesJ  J  -  Berber! s  repens 
Juniperus  commun Is  phase 

Pseudotsuga  menziesii 

Pinus  ponderosa 

Pinus  contorta 
Pieea  engetmannii 

HT  Pseudotsuga  menz Ies  iJ  -  Berber  is  repens 

Pseudotsuga  menziesii 

Pinus  contorta 
Pinus  flexilis 
Picea  engelmannii 

Physocarpus  monogynus 

Pseudotsuga  menziesii 

Pinus  ponderosa 

Pinus  flexilis 

HT  Popu 1  us  tremu lo  ides  -  Lupjnus  argenteus 

Populus   tremuloides 

Picea  engelmannii 

HT  Pinus  contorta  -  Arctostaphy los  uva-ursj 

Pinus  contorta 

HT  P I nus  contorta  -  Vacc  i  n I um  scopar  ium 

Pinus  contorta 

Picea  engelmannii 
Pseudotsuga  menziesii 

HT  Picea  engelmannj  i  -  VaccinJum  scopar ium 

Picea  engelmannii 

Pinus  contorta 
Pseudotsuga  menziesii 
Populus  tremuloides 

HT  Abies  las  iocarpa  -  Shepherd  ia  canadens  i  s 

Abies   lasiocarpa 

Picea  engelmannii 
Pinus  contorta 

menziesii 

HT  Abies  las  Jocarpa  -  Vacc  i  n  ium  scopar  ium 

Abies    lasiocarpa 

Picea  engelmannii 

Pinus  contorta 

Pseudotsuga  menziesii 

HT  Ab  i  es  1  as Iocarpa  -  Arn  j  ca  cord  r  fol ia 

Abies   lasiocarpa 

Picea  engelmannii 

Pinus  contorta 

Pseudotsuga  menziesii 


26 


38 


kO 


60 


_________^__  pjq_  trees   ------ 

3     .      10     .  .      .       1 

1      9     7     6     3. 

8     12     6     ^     8      1      I 

1      ^4     ^     7      1     . 
1     U     15     1^     3     +     . 


112 
5 
3 

669 


260 

7 

5 

8 

13 

15 

l) 

2 

926 

35 

55 

It 

Sit 

15 

20 

77 

5 

U 

ko 

3 

3 

15 

2 

1 

Its 

2 

10 

63 

7 

k 

1 

^13 

2 

2 

1 

23 

3 

5 

7 

88 

m 

7 

2 

62 

1 

1 

2 

2 

1 

2 

1 

5 

+ 

+ 

29 


OS       okk. 


-L 

^\^ 


2^:  % 


2^ 


Olr-l 


o>i  . 

•W 
OlrH 


Okr        Olr 


Djrj        i-ihi 


r-i       O  Cr. 


m       O  Cl. 


mlo 

r^U-         oU)         oU- 


■k 


GO  to 
olry 


c 

«              E  ■*->  -O 

c             r  <0  *^ 

•u        -t  e  t. 

4->                  O  O  »H 

<fl                o  o  > 


Qi      oj      «i      21      SI 

SI      gl     ^     ^     3 


Q) 

<d 

■o 

t< 

0 

<0 

u 

3 

•H 

t^ 

u 

E 

T3 

o 

<M 

Q 

t. 

O 

o 

(fl 

C 

3 

o 

rt 

E 

*i 

4J 

*i 

I.. 

U 

< 

<: 

< 

< 

< 

4J 

*J 

s 

4J 

u 

(Q 

to 

4 

N 

xz 

£ 

u 

U 

i 

s 

" 

^ 

m 

l^- 

— »  0)  "O 

o  a  3 
—  w  ^ 


T3   CO  jC 
3   O  *> 


O   (0 

a)  c  th 

«  £   c 


Z3 

rH  inoo 

o   o   vo 

O    O     ^ 
lAO  O 

^  moo 

Z3 

O  O    oo 

Z3 

O^      <\J 

a  o 

0)  o  « 


236       O  O     <-H 


Z  3      O  O     •- 

f*^lf\0O         f\j  <\l  f 


Z  S      O   O    CO 


Z  3      O    O      C7\ 

mom        O  O  <NJ 


(0  V 
t.   3 


■  *J  c  tojr  a  0)  > 
:  V  ^  c  o.  o  Q.  <L> 

I    QJ    O    01   (d  rH   «  .-• 

I  M  H  b:  ^  CO  <  u 


A    4^   4)    1^ 

a  u.  i-.  u 
E-  4-.  a  £0 


:d 


4L    -1° 


•D  ■ 


•   -H  • 

oU 

dU    oU 

■Is 

•B    -Is    • 

oloj 

DDO         oU- 

- 

oM  oh-      ^|m 

■^U  °|o  '.p  °^u- 

iA|m      m|m       ok>       r-i|m 


Ok>  -HlrH  OW> 

tL  ~I5  ^1° 

okn      tHpo       ola- 


n 

n 

c 

" 

& 

Id 

c 

0) 

§ 

o 

c 

s 

(0 

« 

c 

■ri 

E 

a 

3 

3 

o 

.H 

3 

i> 

Q 

0 

3 

JZ 

C 

o. 

C 

> 

3 

A 

£ 

•-J 

a. 

Ol 

DC 

to 

c3 

i' 

n 

o 

•o 

M 

0 

4J 

3 

r 

E 

o 

30 


•Is 


"b  'V  -1° 

0I.H        o>.\t-  ,-i\x> 

-.1°    ^L  -L- 

oko       ^iLn  mlr^, 

■nit--  ^(3- 


OW  rHiH  "  oU 


Alo-*       <H|cr\       oKd 


nfi^  oW> 


« 

T) 

tH 

0 

Eh 

(m 

XI 

6 

E 

c 

>^ 

r: 

D- 

•b     :k 


oco 


OlrH 


dE 


i>l=T       oUr 


? 

3 

fli 

L. 

>> 

D 

a 

d 

«J 

c 

« 

•H 

0 

X> 

r-t 

•H 

3 

" 

■*-> 

» 

•H 

+J 

n) 

E 

E 

0 

0 

E 

3 

E 

rH 

t. 

0 

•H 

bl 

-P 

0 

C 

e 

3 

c 

3 

X) 

0 

x: 

0 

a 

a 

>i 

a 

f-> 

0 

Q 

Q 

" 

> 

3 

c 

■H 

a 

.-1 

u 

J3 

3 

^ 

« 

<t) 

E 

.-( 

C 

>, 

^ 

Ih 

0 

at 

C 

D 

0 

J 

31 


OlrH 


:l- 


■e 


diry 


olrvj 


■D 


:h 


>  flj 
o  u 


^ 

03 

L. 

w 

E 

E. 

3 

S 

3 

O 

1 

b: 

CO 

E 

ul 

> 

3 

X 

O 

■a 

3 

cd 

(^ 

a 

> 

i 

(d 

o 

V 

E 

u 

s 

cd 

2 

w 

3 

3 

0 

U 

rt 

< 

3 

4-> 

Cu 

c 

u 

r-t 

t. 

o 

n) 

r-l 

O 

c 

'P 

>) 

ja 

•H 

a> 

aJ 

M 

£ 

W 

u 

3 

4^ 

£ 

e 

;. 

O 

(h 

E 

m 

«1> 

E 

3 

•o 

> 

J3 

o 

E 

3 

[^ 

u 

u 

C 

CO 

c 

i* 

« 

3 

o: 

<U 

<a 

(0 

(0 

4J 

o 

c 

4J 

X 

t^ 

E 

c 

c 

c 

W 

" 

*- 

c 

m 

2 

m 

eo 

w 

3 

1 

c 

<0 

s 

s 

•H 

O 

OJ 

aj 

CO 

^ 

T^ 

:s 

*J 

*J 

(Q 

o 

p 

o 

tr 

C 

5 

c 

c 

^ 

fc. 

a. 

< 

•i 

< 

< 

.-ilm 


CO 

2 

t* 

w 

3 

(0 

0 

O 

E 

T3 

<a 

t. 

■H 

H 

L. 

CO 

u 

§ 

C 

-4J 

*J 

<z 

■< 

< 

Oi 

«J  c 

c  <c  - 


>:iV 


«  (30  O 


3 

oolo 


^e 


r^  p 
ofco        o|t\j 


•b 


3 


TJ   01   3   O 
CLjQ  a 

«  -04 


E 

E 

3 

3 

b 

*-« 

§ 

^ 

4J 

O 

3 

3 

^ 

V 

O 

4^ 

o 

> 

o 

« 

n 

!             3 

3 

t* 

■H 

c 

3 

3 

•^ 

•-S 

c 

B 

CO 

0) 

3 

*4 

■o 

4-> 

«> 

CO 

CO 

c 

Z 

C 

§ 

u 

w 

O 

o 

*> 

a 

a 

£ 

u 

^ 

•H 

■H 

3 

*> 

CO 

(0 

> 

•o 

c 

Tl 

Q 

j: 

4) 

i-i 

(d 

o 

■o 

w 

^ 

t. 

CO 

6 

h 

O 

>: 

^ 

> 

CO 

V 

z 

JZ 

M 

a 

K 

3 

a) 

4( 

a 

§ 

o 

4) 

42 

X3 

£1 

4) 

E4 

(< 

U 

rt 

•rt 

*H 

j= 

(r 

U 

CO 

CO 

V 

K 

a: 

CO 

o 

o 

(i. 

m 

CO 

o 

t< 

rH 

jC 

«-( 

<-t 

o 

z 

u: 

32 


Db-  rHirH 


allTV         <X>\^ 


Ot=r       o 


io         -ko 


oU> 


>    0) 

o  u 


rt 

c 

e 

JZ 

0 

B 

c 

O 

(0 

3 

-H 

rH 

o 

t^ 

^ 

:3 

E 

e 

Z3 

S 

> 

■H 

(0 

tn 

bO 

Q 

V. 

t^ 

rt 

« 

3 

C 

4J 

rH 

§ 

C 

c 

e 

3 

d 

o 

0 

a, 

a. 

CC 

CO 

CO 

w 

pJ  o 


o       u  &, 


CO    (U 


ONO 


d 

(0 

o 

;h 

-H 

3 

D 

a 

H 

•H 

x: 

d 

u 

Sh 

CO 

>s 

>1 

•a 

OJ 

■  o 
oloj 

olin 

3 


Is  -b 


^ 

CO 

a 

s 

(0 

c 

C 

c 

Q 

t. 

<D 

E 

U 

'" 

33 


Table  6.   undergrowth  data  of  Populus  tremuloldes  dominated 
forests  include  coverage  (C)  and  frequency  IF).   Species 

topographic  position. ^ , 


Stand  Number 
Location ; 

Section 

Township 

Range 
Topographic  Position: 

Slope 

Aspect 

Elevation,  meters 
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Artemisia  trldentata 


Rlbeo  cereum 

Rlbes  laeustre 

Sallx  bebblana 

GRAMIHOIDS 

Agropyron  dasystachyum 

-nlcatum 

Carex  phaeocephala 

Carex  platylepls 

Carex  seopulorum 

Dactylls  f^lomerata 

Pestuca  Idahoensls 

Hesperochloa  klnp:ll 

Phleum  pratense 

Poa  nervosa 

LOW  SHRUBS  AND  HERBS 
Achillea  • 

Allium  br 

Anemone  mu.  ^  -■  -  --. 
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i   Coverage 
i   Frequency 
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Abstract 


Stein,  John  D.,  and  Arden  D.  Tagestad. 

1976.  The  long-horned  wood-boring  beetles  of  North  Dakota 
(Coleoptera:  Cerambycidae).  USDA  For.  Serv.  Res.  Pap. 
RM-171,  58  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn..  Fort 
Collins,  Colo.  80521. 

Presents  biological  re'sum^  for  73  species  of  cerambycids 
found  in  North  Dakota.  Information  consists  of  distribution  and 
emergence  records,  larval  food  habits,  parasites,  predators  and 
some  comments  on  rearing  techniques. 


Keywords:  Shelterbelt  insects,  Cerambycidae,  wood  borers,  insect 
behavior. 
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Introduction 


Much  has  been  written  about  the 
long-homed  wood-borers,  but  the 
information  is  scattered  throughout 
various  journals.  This  publication  in- 
cludes a  brief  biological  resume'  of 
those  found  in  North  Dakota,  aug- 
ments existing  information  in  the 
literature,  and  provides  a  reference 
for  entomological  workers  in  the 
Northern  Plains.  The  alphabetical 
list  of  cerambycids  contains  73 
species  in  42  genera;  excluded  are 
several  specimens  of  Acmaeops, 
Ataxia,  Cortodera,  Hyperplatys,  and 
Mecas  that  could  not  be  identified 
to  species.  Common  names  are  in- 
cluded where  known. 

Distribution  and  emergence  rec- 
ords for  each  species,  unless  other- 
wise specified,  represent  only  North 
Dakota  information  gathered  from 
specimens  at  the  USPS  Shelterbelt 
Laboratory  at  Bottineau,  North 
Dakota  State  University  at  Fargo,  or 
private  collections.  If  a  collection 
date  is  specified  without  mention  of 


a  collection  method,  the  informa- 
tion was  not  with  the  labeled  speci- 
men and  we  assumed  that  the  beetle 
was  collected  by  sweeping  with  a 
net.  All  additional  information  con- 
cerning parasites,  predators,  host 
material,  biological  habits,  and  rear- 
ing techniques  is  based  upon  the 
literature  in  general  or  our  own 
observations  in  particular. 

A  cerambycid  index  by  host  plant 
is  provided  at  the  end  of  the  text.  It 
includes  only  those  native  and  intro- 
duced host  species  found  in  North 
Dakota.  A  more  inclusive  list  of  host 
material  will  be  found  in  the  text 
associated  with  each  insect  species. 

The  authors  are  indebted  to  Dr. 
R.  D.  Gordon  for  collection  infor- 
mation, to  Dr.  R.  L.  Post  for  pro- 
viding information  and  loan  of 
specimens  to  photograph,  and  to 
Mr.  William  H.  Tyson  for  deter- 
mining our  collection  and  also  pro- 
viding specimens  to  photograph. 


Alphabetical  List  of  Cerambyclds 


Aegoschema  modestum  (Gyllenhal) 
[Subfamily  :Lamiinae] 


SIZE.  1.2  cm. 

DISTRIBUTION.  Richland  County 
(fig.  1)- 

HOSTS.  Carya  (Beutenmuller  1896); 
Acer,  Prunus  (Blackman  and  Stage 
1924);  Carpinus  caroliniana,  Fraxi- 
nns  nigra,  Liriodendron  tulipifera; 
Tilia  americana,  Fagus  grandifolia, 
Prunus  avium  (Champlain  et  al. 
1925);  Finns  virginiana  (Perry  1975). 

COMMENTS.  Adults  were  collected 
in  North  Dakota  on  June  16.  Accord- 
ing to  Blackman  and  Stage  (1924), 
the  female  beetle  deposits  eggs  in 
dead  wood  from  1  to  3  years  old, 
usually  at  the  base  of  a  smaller  dead 
limb  or  around  bark  injuries.  The 
larval  galleries  are  packed  with  fine 
frass,  and  parallel  the  wood  grain 
just  beneath  the  bark.  The  pupal 


)l 


chamber  extends  diagonally  into 
the  wood  approximately  3  cm.  The 
normal  life  cycle  is  1  year. 

This  species  has  been  recorded  as 
breeding  in  dead  wood  of  hickory 
(Beutenmuller  1896),  linden,  tulip 
poplar,  black  ash,  sweet  cherry, 
blue  beech  (Champlain  et  ai.  1925), 
and  Virginia  pine  (Perry  1975).  It 
has  also  been  reported  as  common 
on  oak  (Blackman  and  Stage  1924). 


Figure  1.— Distribution  of  Aegoschema  modestum  (■),  Anoplodera  minnesotana  (*), 
Arhopalus  foveicollis  (  ▼  ),  and  Astyleiopus  variegatus  ( (S) ). 


Anoplodera  minnesotana  (Casey) 

[Subfamily :  Lepturinsie] 

SIZE.  1.6  cm. 

DISTRIBUTION.  Grand  Forks,  Mc- 
Henry,  McKenzie,  Pembina,  Ran- 
som, and  Richland  Counties  (fig.  1). 

HOSTS.  Ulmus  americana,  Nyssa 
aquatica  (Knull  1946);  Carya,  Ul- 
mus, Prunus  serottna,  Picea  rubra 
(Baker  1972);  Pinus  xnrginiarw,  (Perry 
1975). 

COMMENTS.  Adults  were  collected 
from  June  6  to  July  19  by  sweeping 
flowers  or  using  a  pane  trap  in  river - 
bottom  stands  of  green  ash  and 
American  elm  (Knull  1946).  Anoplo- 
dera minnesotana  has  been  success- 
fully reared  on  artificial  diet  (Gardi- 
ner 1970). 


trhopaltts  foveicollis  (Haldeman) 
Subfamily:Aseminae] 

IZE.  2.0  cm. 

ISTRIBUTION.  Bottineau  County 

ig-  !)• 

OSTS.  Pinus  spp.,  Piceaspp.  (Frost 
.>15,  Knull  1946). 

(pMMENTS.  All  adult  specimens 
^^re  taken  in  light  traps  from  August 
So  29.  Larvae  infest  the  root  collar 
0  dead  pine  and  spruce  trees  (Frost 


1915,  Knull  1946).  Gardiner  (1970) 
successfully  reared  this  species  on 
artificial  diet  from  the  egg  stage. 


Astyleiofnis  variegatus  (Haldeman) 
[Subfamily:  Lamiinae] 

SIZE.  1.1cm. 

DISTRIBUTION.  Barnes,  Billings, 
Bottineau,  Burleigh,  Cass,  Morton, 
and  Ward  Counties  (fig.  1). 

HOSTS.  Acer  negundo  (Leng  and 
Hamilton  1896);  Castanea  dentata 
(Beutenmuller  1896);  Parthenocissus 
inserta,  Gleditsia  triacanthos  (Cham- 
plain  et  al.  1925);  Toxicodendron 
radicans  (Dillon  and  Dillon  1961); 
Populus  deltoides,  Caraganaarbores- 


COMMENTS.  Recorded  as  breeding 
in  dead  branches  of  chestnut,  Vir- 
ginia creeper,  honeylocust,  and  box- 
elder.  Larvae  found  in  live  wood  as- 
sociated with  old  wounds  of  P.  del- 
toides were  removed  and  reared 
successfully  on  the  McMorran  spruce 
budworm  diet.  The  larvae  pupated 
on  April  24  and  adults  emerged  on 
May  30.  Adults  were  collected  by 
sweeping.    Malaise    trap,    or    using 


pyrethrum  spray  from  May  31  to 
August  25.  Craighead  (1923)  indi- 
cates that  larvae  will  exclusively  mine 
thick  bark,  between  the  bark  and 
wood  wdth  thin  bark,  or  in  the  wood 
of  small  decayed  twigs.  Pupation 
takes  place  in  the  bark  or  between 
the  bark  and  wood  in  an  oval  cell  of 
fibrous  frass.  Chittenden  (1894)  ob- 
served the  ichneumon  Pimpla  irri- 
tator  (Fabricius)  as  an  external  para- 
site on  the  larvae,  and  the  larvae  of 
an  ostomatid  beetle,  Tenebroides 
corticalis  Melsheimer,  as  a  predator 
of  the  pupal  stage. 


Batyle  ignicollis  ignicollis  (Say) 
[SubfamilyiCerambycinae] 

SIZE.  1.3  cm. 

DISTRIBUTION.  Billings,  Golden 
Valley,  and  Slope  Counties  (fig.  2). 

HOSTS.  Pinus  spp. 

COMMENTS.  Larvae  recorded  in 
dead  pine  branches  (Knull  1946). 
Adults  collected  between  July  21 
and  27. 


Figure  2.— Distribution  of  Batyle  ignicollis  ignicollis  (•),  Batyle  suturalis  suturalis 
{ (£) ),  and  Bellamira  scalaris  (■). 


Batyle  suturalis  suturalis  (Say) 
[Subfamily:Cerambycinae] 

SIZE.  8.0  mm. 

'  DISTRIBUTION.  Bottineau,  Bil 
lings,  Morton,  and  Richland  Coun- 
ties (fig.  2). 

HOSTS.  Carya  (Champlain  et  al. 
1925);  Castanea  dentata,  Quercus 
(Knull  1946). 

COMMENTS.  The  larvae  hollow 
out  small  dead  twigs  and  pupate 
between  two  wads  of  fibrous  chips 
j(Craighead  1923).  Adults  are  found 
on  flowers  of  Ceanothus,  Spirea, 
Achillea,  Chrysanthemum,  Comus, 
and  Daucus  carota  from  June  25  to 
|uly  28. 


Bellamira  scalaris  (Say) 
[SubfamilyiLepturinae] 


SIZE.  2.5  cm. 

DISTRIBUTION. 

(fig-  2). 


Walsh     County 


HOSTS.  Betula  lutea,  Acer  (Beuten- 
muller  1896);  Fagus,  Pinus,  Populus, 
Tiuga  (Craighead  1923). 

COMMENTS.  One  adult  specimen 
collected  on  June  23.  Beutenmuller 
(1896)  records  the  adults  ovipositing 
on  maple,  and  both  adult  and  pupae 
taken  under  bark  of  yellow  birch 
(Betula  lutea).  According  to  Craig- 
head (1923),  "The  larvae  feed  indis- 
criminately in  almost  all  coniferous 
or  hardwood  trees  provided  the 
proper  conditions  of  moisture  and 
decay  are  present.  They  require  well 
rotted  logs  in  very  moist  situations. 
The  mines  are  large  and  irregular, 


I 


extend  through  the  sapwood  and 
heartwood,  and  are  filled  with  loose, 
fibrous  frass."  The  ichneumon /4ro<e5 
formosus  Cresson  has  been  recorded 
as  a  parasite  of  this  beetle  (Linsley 
1961). 


Clytus  ruricola  (Olivier) 
[Subfamily:Cerambycinae] 

SIZE.  1.1  cm. 

DISTRIBUTION.  Cavalier  and 
Richland  Counties  (fig.  3). 

HOSTS.  Acer  spp.,  Sorbus,  Carya 
spp.,  Betula,  Alnus  rugosa,  Ostrya 
virginiana,  Fagus,  Quercus,  Tilia 
americana  (Blackman  and  Stage 
1924). 

COMMENTS.  Infests  decaying  wood 
in  association  with  a  wood  fungus 
(Craighead  1923).  Adults  found  on 
flowers  from  June  16  to  27.  Gardiner 
(1970)  reported  successful  rearing  of 
this  species  on  artificial  diet. 


I 


Figure  3. -Distribution  of  Clytus  ruricola  I  w  \  rr..*^^^     , 


Cortodera  longicomis  (Kirby) 

1 

[Subfamily:  Parandrinae] 

j SIZE.  9.0  mm. 

DISTRIBUTION.    Billings,    Dunn 
and  McKenzie  Counties  (fig.  3). 

iHOSTS.  Unknown. 

COMMENTS.     Adults     found     on 
flowers  of  Balsamorhiza,  Heracleum 
Purshm,      Rosa,       Symphoricarpos 
Potenttlla,    and    Ceanothus   (Linsley 
and  Chemsak  1972)  from  June  14  to 
luly  9. 


Crossiditis  coralinus  (LeConte) 
[Subfamily :  Cerambycinae] 

SIZE.  Female,  1.2  cm;  male,  1.6  cm. 

DISTRIBUTION.    Billings    County 

(fig.  3). 

HOSTS.  Chrysothamnus  navseosus, 
Haplopappus  spp.  (Linsley  1957, 
Linsley  and  Chemsak  1961). 

COMMENTS.  Linsley  (1962b)  states 
that  this  species  is  highly  polytypic, 
consisting  of  a  large  number  of  sub- 
species and  local  populations.  Adults 
collected  on  rabbitbrush  west  of  the 
Missouri  River  from  July  7  to  August 
30.  Due  to  the  small  amount  of  mate- 
rial available  for  study,  specimens 
were  not  placed  in  any  of  the  de- 
scribed subspecies. 


male 


female 


I- 


Crossidius  pulchellus  (LeConte) 
[Subfamily.Cerambycinae] 

SIZE.  Female,  1.3  cm;  male,  1.2  cm. 

DISTRIBUTION.  Bottineau  County 
(fig.  3). 

HOSTS.  Gutierrezia  spp.,  Haplo- 
pappus  hartwegi  (Linsley  and  Chem- 
sak  1961);  Artemisia  (Craighead 
1923). 

COMMENTS.  Linsley  (1955)  states 
that  larvae  bore  into  roots  of  Gutier- 
rezia spp.,  and  Craighead  (1923) 
indicates  that  larvae  were  found  in 
roots  of  Artemisia.  Adults  were  col- 
lected from  flowers  of  broomweed 
{Gutierrezia  sarothrae)  on  August  10. 


female 


male 


Cyrtophorus  verrucosus  (Olivier) 
[Subfamily:Cerainbycinae] 

SIZE.  1.2  cm. 

DISTRIBUTION.  Bottineau,  Grand 
Forks,  McHenry,  Pembina,  and 
Richland  Counties  (fig.  4). 

HOSTS.  Carya  glabra,  Cydonta, 
Pruniis  pensylvanica  (Beutenmuller 
1896);  Quercus  spp.,  Comus  jlorida, 
Pyrus  malus,  Diospyros,  BetuUi,  Ben- 
zoin, Acer  (Craighead  1923);  Cas- 
tanea,  Fagus  atropunicea,  Tilia,  Hi- 
coria,  Juglans  nigra,  Robinia,  Vitis 
(Duffy  1953);  Carpinus  caroliniana, 
Cercis  canadensis  (KnuU  1946);  Li- 
riodendron  tulipifera,  Ostrya  virgin- 
iana  (Linsley  1964);  Pinus  virginiana 
(Perry  1975);  Prunus  xdrginiana. 

COMMENTS.  Known  to  have  a  life 
cycle  of  1  year  (Duffy  1953).  Accord- 
ing to  Craighead  (1923),  the  larvae 
feed  in  solid  dead  wood,  and  are 
often  associated  with  Neoclytus. 
Overwintering  adults  were  found  in 


^Hk. 


the  base  of  a  Prunus  virginiana  trunk, 
1 3  mm  below  surface  of  the  wood  on 
March  30.  Adult  specimens  have 
been  collected  with  a  pane  trap. 
Malaise  trap,  and  by  sweeping 
flowers  of  dogwood,  spirea,  and  gol- 
denrod  from  May  28  to  July  5. 

According  to  Linsley  (1961)  the 
clerid  Cymatodera  bicolor  (Say)  is  a 
predator  of  this  wood  borer. 


Figure  4.— Distribution  of  Cyrtophorus  verrucosus  { • ),  Dectes  texanus  texanus  (  T  ), 
and  Elaphidion  mucronatum  (■). 
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Dectes  texanus  texanus  LeConte 
[Subfamily :  Lamiinae] 

SIZE.  7.0  mm. 

DISTRIBUTION.  Slope,  Golden 
Valley,  Hettinger,  and  Barnes  Coun- 
ties (fig.  4). 

HOSTS.  Ambrosia  artemisifolia 
(Leng  and  Hamilton  1896);  Xan- 
thium  spp.,  soybeans  (Patrick  1971, 
1973). 

COMMENTS.  Adults  were  collected 
in  North  Dakota  on  July  13  and  21. 
Leng  and  Hamilton  (1896)  state  that 
this  species  breeds  in  stems  of  rag- 
weed, especially  Ambrosia  artemisi- 
folia. According  to  Patrick  (1971, 
1973),  this  beetle  infests  cocklebur 
in  Tennessee,  ragweed  in  Missouri, 
and  soybean  in  Arkansas,  Louisiana, 
Missouri,  and  Tennessee.  Patrick 
also  reported  that  eggs  deposited  in 


Elaphidion    mucronatum    (Say) — 
Spined  bark  borer 

[Subfamily:Cerambycinae] 


SIZE.  1.6  cm. 

DISTRIBUTION.   Cass   and   Rich 
land  Counties  (fig.  4). 

HOSTS.  Quercus,  Acer,  Celtis,  Cer- 
CIS,  Comus.Juglans,  Fagus,  Chamae- 
rops,  Rhus,  Morus,  Castanea,  Popu- 
lus,  Liriodendron,  Asimina,  Pyrus, 
Malus,  Myrica,  Sassafras  (Linsley 
1963);  Sabal,  Vitis  (Beutenmuller 
1896);  Tilia,  Taxodrnm  (Duffy  1953). 

j  COMMENTS.  Adults  were  collected 
I  during  mid-July.  Eggs  are  laid  be- 
I  neath  bark  scales  of  dead  branches. 


the  stem  pith  had  an  incubation 
period  of  6  to  10  days.  The  larvae 
passed  through  four  instars,  mining 
up  and  down  the  stem.  During  the 
fourth  stadium  the  larvae  girdle  the 
stem,  construct  a  pupal  chamber, 
and  plug  the  exit  hole  with  frass 
before  overwintering.  Pupation  oc- 
curred the  follov«ng  May,  and  the 
adults  emerged  in  June. 


Larvae  feed  under  the  bark  the  first 
summer,  and  enter  the  sapwood  to 
construct  a  long  pupal  chamber 
sealed  with  a  fibrous  plug  the  second 
year  (Craighead  1950). 
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Elaphidionoides  incertus 
(Newman) 

[Subfamily :  Cerambycinae] 

SIZE.  1.6  cm. 

DISTRIBUTION.  Richland  County 
(fig.  5). 

HOSTS.  Morus  rubra,  Quercus, 
Carya  (Blackman  and  Stage  1924, 
Linsley  1963). 

COMMENTS.  Adults  were  collected 
on  August  1.  Blatchley  (1910)  re- 
ported the  adult  flight  period  ex- 
tends from  late  June  to  late  Septem- 
ber in  Indiana.  According  to  Craig- 
head (1950),  the  larvae  feed  in  the 
outer  bark  of  living  mulberry  trees. 
However,  Blackman  and  Stage  (1924) 
observed  that  this  beetle  attacks  the 
trunk  region  of  dead  or  dying  hick- 
ory. They  reported  the  life  history 


II 


was  2  years  in  material  infested  while 
dying,  and  3  years  when  the  wood 
was  dead  a  year  or  more  before  being 
infested. 


Figure  5.— Distribution  of  Elaphidionoides  incertus  (■),  Elaphidionoides  parallelus 
( • ),  and  Elaphidionoides  villosus  ( (i)) 
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Elaphidionoides  parallelus   (New- 
man) 

[Subfamily:Cerambycinae] 


SIZE.  1.3  cm. 

DISTRIBUTION.  Bottineau,  Grand 
Forks,  and  Richland  Counties  (fig.  5). 

HOSTS.  Quercus,  Carya,  Prunus, 
Malm,  Vitis  (Beutenmuller  1896); 
Juglans  (Linsley  1963). 

COMMENTS.  Adults  were  collected 
from  June  1 7  to  July  2 .  The  biological 
habits  of  the  larvae  are  similar  to 
those  of  £.  villosus. 


Elaphidionoides  villosus  (Fabricius) 
— Twig  pruner 

[Subfamily:Cerambycinae] 


SIZE.  1.1cm. 

DISTRIBUTION.  Bottineau,  Mc- 
Henry,  and  Pembina  Counties  (fig. 
5). 

HOSTS.  Quercjis,  Carya,  Castanea 
dentata,  Carpinus,  Betula,  Rhus, 
Prunus,  Malus,  Vitis  (Beutenmuller 
1896);  Tilia,  Wisteria,  Cladrastis, 
Gleditsia,  Celtis,  Acer,  Juglans,  Ul- 
mus,  Cercis  canadensis.  Citrus,  Mac- 
lura  aurantiaca,  Celastrus  scandens, 
Hamamelis,  Sassafras  (Linsley  1963); 
Pinus  xjirginiana  (Perry  1975). 

COMMENTS.  Adults  taken  in  Ma- 
laise trap  from  June  27  to  July  17. 
Eggs  are  laid  in  the  axils  of  leaves 
near  the  twig  tip.  The  larvae  mine 
down  the  twig,  and  in  late  summer 
sever  the  branch  by  several  cuts  from 
the  center  outward,  leaving  the  bark 
intact.   The   larvae   retreat   up   the 


twig  and  pupate  between  two  fibrous 
wads  of  frass  the  following  spring  or 
fall.  The  twigs  are  usually  broken 
off  the  tree  by  wind  (Blackman  and 
Ellis  1916,  Craighead  1950.  Kotinsky 
1921).  Known  parasites  are  Odonto- 
bracon  elaphidiovorus  Rohwer  and 
Bracon  eurygaster  (Brulle)  (Linsley 
1963).  Linsley  (1961)  also  reported 
the  clerid  Phylogistostermus  dislo- 
catus  (Say)  as  a  predator  of  E.  villo- 
sus. 
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Enaphalodes    cortiphagits    (Craig- 
head)— Oak-bark  scarrer 

[Subfamily:Cerambycinae] 


SIZE.  2.2  cm. 

DISTRIBUTION.  Grand  Forks 
County  (fig.  6). 

HOSTS.  Quercus  spp. 

COMMENTS.  Adults  were  collected 
on  August  22.  According  to  Craig- 
head (1950),  adults  appear  while  the 
chestnut  is  in  full  bloom,  or  a  little 
later,  and  deposit  eggs  in  bark  crev- 
ices. Larvae  feed  at  first  in  thick  bark 
ridges,  going  deeper  as  they  increase 
in  size.  The  mines  are  tightly  packed 
with  granular  frass.  After  3  or  more 
years  they  burrow  deep  into  the  inner 
bark,  where  a  large  excavation  is 
made  for  the  pupal  cell.  This  cell 
usually  injures  the  cambium,  result- 
ing in  a  large  black  defect,  which 
defaces  many  annual  layers  of  growth 


and  causes  the  formation  of  the  char- 
acteristic scar  on  the  outer  bark  sur- 
face. 


Figure  6.— Distribution  of  Enaphalodes  cortiphagus  (•),  Ergates  spiculatus  sp/cu- 
latus  ( ^),  and  Eutetrapha  tridentata  (■). 
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Ergates  spiculatus  spiculatus 
(LeConte) — Ponderosa  pine-borer 

[Subfamily :  Parandrinae] 


SIZE.  5.5  cm. 

DISTRIBUTION.     Bottineau 
Ward  Counties  (fig.  6). 


and 


HOSTS.  Pinus  spp.,  Abies  spp., 
Pseudotsuga  spp.,  Sequoia  semper- 
virens  (Linsley  1962a). 

COMMENTS.  Adult  specimens  were 
captured  on  July  21  and  August  31 
in  association  with  California  apples 
and  lumber  shipped  from  the  Pacific 
Northwest.  Detailed  biological  obser- 
vations are  found  in  publications  by 
Craighead  (1915),  Hardy  and  Preece 
(1926),  Spencer  and  Buckell  (1957), 
Schoening  and  Tilden  (1959),  and 
Tyson  (1966). 


Eutetrapha  ( =  Saperda)  tridentata 
(Olivier) — Elm  borer 

[SubfamilyrCerambycinae] 


SIZE.  1.2  cm. 


DISTRIBUTION.  Bottineau,  Bur- 
leigh, Cass,  Grand  Forks,  Richland, 
Sioux,  Traill,  McHenry,  Pembina, 
and  Ransom  Counties  (fig.  6). 

HOSTS.  Ulmus  spp.,  Acer  (Leng 
and  Hamilton  1896);  Ulmus  ameri- 
cana. 

COMMENTS.  Adults  were  collected 
from  June  4  to  August  13.  According 
to  Kotinsky  (1921)  and  Pechuman 
(1940)  the  adults  attack  freshly  cut 
logs  or  dead  and  weakened  trees. 
The  larvae  tunnel  beneath  the  bark, 
filling  their  mines  with  fibrous  frass, 
and  destroying  the  phloem  and  cam- 
bium. Pupal  cells  are  constructed  in 


the  heartwood.  Baker  (1972)  states 
that  the  life  cycle  is  usually  1  year, 
although  3  years  may  be  needed  in 
dry  wood.  Adults  have  been  reared 
from  American  elm  trap  logs  cut  for 
bark  beetles  or  captured  in  a  Malaise 
trap.  The  parasites  Eubadizon  sp., 
Cenocoelium  sp.,  and  Trigonura 
elegans  (Provancher)  emerged  from 
elm  logs  containing  E.  tridentata 
along  vnth  other  species  of  beetles  in 
North  Dakota.  According  to  Linsley 
(1961)  Cenocoelius  saperdae  (Ash- 
mead),  Atanycolus  simplex  (Cresson), 
A.  ulmicola  (Viereck),  and  Xorides 
albopictus  (Cresson)  are  also  para- 
sites of  the  elm  borer. 
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Hyperplatys  aspersus  Say 
[Subfamily :  Lamiinae] 

SIZE.  3.0  mm. 

DISTRIBUTION.  Bottineau.  Gol- 
den Valley,  Grand  Forks,  Pembina, 
and  Richland  Counties  (fig.  7). 

HOSTS.  Populus  spp.,  Carya,  Cas- 
tanea  dentata  (Beutenmuller  1896) 
Mains  (Leng  and  Hamilton  1896) 
Amelanchier  alnifolia  (Knull  1946) 
Rhus  (Dillon  1956);  Prunus  pensyl- 
vanica  (Bird  1927);  Ulmus  pumila, 
Fraxinus  pennsylvanica,  Prunus 
americana,  Salix. 

COMMENTS.  Fovmd  throughout  the 
eastern  half  of  the  United  States  and 
Canada,  this  species  has  been  re- 
corded as  breeding  in  dead  twigs. 
In  North  Dakota  the  adults  fly  be- 
tween June  11  and  July  25,  and  are 
frequently  found  on  Siberian  elm. 
Larvae  were  collected  in  April  and 
reared  from  infested  green  ash  and 
American  plum  growing  under  stress 


conditions.  Larvae  were  associated 
with  Neoclytus  acuminatus  in  green 
ash.  This  species  has  also  been  reared 
from  Comus  (Tyson,  W.  H.^1976, 
Calif.  State  Dep.  Agric,  Fresno, 
Calif.,  personal  communication). 
The  ichneumon  parasite  Xorides 
humeralis  humeralts  (Say)  was  reared 
from  larval  specimens  in  American 
plum.  Muesebeck  et  al.  (1951)  re- 
corded the  bracon  Cenocolius  pro- 
vancheri  (Rohwer)  as  a  parasite. 
Meteorus  tibialis  Muesebeck  has  been 
reported  as  a  larval  parasite  in  Can- 
ada (Gardiner  1961b).  According  to 
Gardiner  (1970)  H.  aspersus  was 
successfully  reared  on  artificial  diet. 


Figure  7.— Distribution  of  Hyperplatys  aspersus  (•)  and  Hyperplatys  maculata  (■). 
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Hyperplatys  maculata  Haldeman 
[Subfamilv:  Lamiinae] 


SIZE.  4.0  mm. 

DISTRIBUTION.     Bottineau 
Richland  Counties  (fig.  7). 


and 


HOSTS.  Populus  spp.,  Mains,  Carya 
(Beutenmuller  1896);  Pinus,  Picea, 
Pseudotsuga  (Craighead  1923);  Salix 
spp.  (Dillon  and  Dillon  1961);  Quer- 
cus  rubra,  Juglans  cinerea,  Tilia 
americana  (Gardiner  1961b);  Acer 
negundo,  Ulmus  pumtla. 

COMMENTS.  Adults  were  collected 
from  boxelder  and  Siberian  elm  on 
June  12  and  July  24.  Beutenmuller 
(1896)  and  Dillon  and  Dillon  (1961) 
record  the  larvae  as  infesting  dead 
twigs  or  branches.  According  to 
Craighead  (1923)  the  larvae  have 
been  reared  from  pine,  spruce,  and 
fir  in  Colorado  and  Oregon.  Chem- 
sak  and  Linsley  (1975)  list  H.  nigrella 
as  a  synonym  of//,  maculata. 


Means  inomata  (Say) 
[Subfamily :  Lamiinae] 

SIZE.  8.0  mm. 

DISTRIBUTION.  Dunn,  Ransom, 
and  Sioux  Counties  (fig.  8). 

HOSTS.  Salix  spp. ,  Populus  (Beuten- 
muller 1896);  Helenium  tenuifolium, 
H.  tuberosus  (Leng  and  Hamilton 
1896). 

COMMENTS.  Adults  were  collected 
from  June  22  to  July  13.  Although 
most  literature  states  that  this  species 
breeds  in  roots  and  stems  of  shrubs, 
herbs,  or  weeds  (Riley  1880),  Beuten- 
muller (1896)  reports  the  larvae  as 
living  in  shoots  of  willow  and  poplar. 


,,'«i!afBiSfssis»»,- 
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Figure  8.— Distribution  of  Mecas  inornata  (•),  Megacyllene  angulifera  {($)),  Mega- 
cyllene  powersi  {U),  and  Moneilemaannulatum(  ▼  ). 
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Megacyllene  angulifera  (Casey) 
[Subfamily:Cerambycinae] 

SIZE.  1.3  cm. 

DISTRIBUTION.  Slope  County 
(fig.  8). 

HOSTS.  Madura  pomifera,  Malus, 
Quercuj  (Riley  1880). 

COMMENTS.  Adults  were  collected 
on  August  24.  According  to  Linsley 
(1964),  adults  frequent  goldenrod 
blossoms  in  the  fall. 


Megacyllene  powersi    Linsley  and 
Chemsak 

[SubfamilyrCerambycinae] 


SIZE.  1.0  cm. 

DISTRIBUTION.  Ransom  and  St  ark 
Counties  (fig.  8). 

HOSTS.  Unknown. 

COMMENTS.  Adults  were  collected 
from  June  25  to  September  3.  The 
type  locality  for  this  species  is  located 
7  miles  southeast  of  Sheldon,  Ran- 
som County,  North  Dakota  (Linsley 
1964). 


Moneilema  annulatum  (Say) 
[Subfamily:  Lamiinae] 


SIZE.  2.0  cm. 

DISTRIBUTION, 
(fig.  8). 

HOSTS.  Cactaceae. 


Slope      County 


COMMENTS.  Adults  collected  on 
July  1.  Duffy  (1953)  states  that  the 
larvae  infest  cactus.  Opuntia  poly- 
cantha  is  the  probable  host  in  North 
Dakota. 
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Monochamus    clamator    clamator 
LeCbnte  — Spotted  pine  sawyer 

[Subfamily:  Lamiinae] 


SIZE.  2.1cm. 

DISTRIBUTION.  Slope  County 
(fig.  9). 

HOSTS.  Pinus  spp. 

COMMENTS.  Adults  collected  Au- 
gust 10.  According  to  Dillon  and 
Dillon  (1941),  this  species  breeds  in 
dead  and  dying  Pinus  ponderosa, 
P.  strobiformis,  P.  edulis,  and  P.  ari- 
zonica. 


Figure  9.— Distribution  of  Monochamus  clamator  clamator  {U),  Monochamus  scutel- 
latus  ( (A) ),  and  Monochamus  titillator  { • ). 
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Monochamus    scutellatus     (Say) — 
White-spotted  sawyer 

[Subfamily:  Lamiinae] 


SIZE.  1.6  cm. 

DISTRIBUTION.     Bottineau 
Cass  Counties  (fig.  9). 


and 


HOSTS.  Pinus  spp.,  Picea  spp., 
A  bies  balsamea,  Larix  laricina  (KnuU 
1946,  Wilson  1962). 

COMMENTS.  Adults  emerge  in 
North  Dakota  from  May  21  to  Au- 
gust 10.  Rose  (1957)  states  that  2 
years  are  required  to  complete  the 
life  cycle  in  its  northern  range,  but 
only  1  year  further  south.  The  larvae 
excavate  a  U-shaped  tunnel  and  con- 
structs a  pupal  cell  plugged  with 
excelsiorlike  frass  near  the  w^ood  sur- 
face. Adults  emerge  and  feed  on 
needles  and  tender  bark  of  various 
conifers.  Eggs  are  deposited  on  freshly 
cut,  dead,  or  dying  trees.  According 
to  Wilson  (1962),  parasitic  flies  {Eu- 


theresia  spp.)  and  the  hymenoptera 
parasites  Rhyssa  lineolata  (Kirby) 
and  R.  persuasoria  (Linnaeus)  have 
been  reared  from  M.  scutellatus  lar- 
vae. This  species  has  been  success- 
fully reared  from  the  egg  stage  on  a 
modified  McMorran  budworm  diet 
(Gardiner  1970). 


Monochamus  titillator  (Fabricius) 
— Southern  pine  sawyer 

[Subfamily :  Lamiinae] 


SIZE.  1.7  cm. 

DISTRIBUTION. 

County  (fig.  9). 


Grand      Forks 


HOSTS.  Pinus  strobus,  P.  palustris, 
Abies  balsamea  (Dillon  and  Dillon 
1941).      . 

COMMENTS.  Adult  collected  on 
June  24.  According  to  Anderson 
(1947),  the  adults  lay  eggs  in  bark  of 
recently  killed  or  dying  trees.  Eggs 
hatch  wdthin  5  days,  and  larvae  tun- 
nel into  the  cambium  to  feed.  The 
pupal  chamber  is  constructed  in  the 


sapwood  much  the  same  as  by  M. 
scutellatus.  Webb  (1909)  states  that 
there  are  at  least  two  generations  per 
year  in  the  South.  Gerberg  (1951)  has 
reported  that  adult  beetles  chewed 
large  holes  in  a  rayon  dress.  Muese- 
beck  et  al.  (1951)  lists  the  ichneu- 
monids  Rhyssa  lineolata  (Kirby)  and 
Rhyssa  persuasoria  (Linnaeus)  as 
parasitic  on  M.  titillator. 


21 


Neoclytus  acuminatus  acuminatus 
(Fabricius) — Red-headed  ash  borer 

[Subfamily:Cerambycinae] 


SIZE.  9.0  mm. 


DISTRIBUTION.  Bottineau.  Bow- 
man, Foster,  Pembina,  and  Richland 
Counties  (fig.  10). 


HOSTS.  Vitis  (Knull  1946);  Carya, 
Fraxinus,  Quercus  spp.,  Juglans, 
Betula,  Fagus,  Ostrya  virginiana, 
Acer  spp.,  Celtis,  Comus  florida, 
Cercocarpus,  Ilex,  Cercis  canadensis, 
Diospyros  virginiana,  Syringa,  Gledit- 
sia,  Lonicera,  Prunus  spp..  Sassafras, 
Robinia  pseudoacacia,  Liriodendron 
tulipifera,  Castanea,  Persica  vul- 
garis, Pyrus,  Madura  pomifera 
(Blackman  and  Stage  1924,  Linsley 
1964);  Malus,  Campsis  (Barr  and 
Manis  1954);  Ulmus  americana, 
Fraxinus  pennsylvanica. 


COMMENTS.  Adults  collected  April 
8  to  July  15  by  sweeping  or  in  a  Ma- 
laise trap.  Craighead  (1950)  reported 
the  larvae  infesting  nearly  all  dead 
and  dying  hardwoods,  especially  ash, 
oak,  hickory,  persimmon,  and  hack- 
berry.  Adults  become  active  in  the 
South  during  February,  and  May  or 
June  in  the  North.  Eggs  are  deposited 
under  the  bark;  larvae  feed  in  the 
cambial  region  before  they  tunnel 
into  the  sapwood.  The  galleries  be- 
come tightly  packed  vdth  granular 
frass.  Craighead  indicated  that  the 
eggs  are  laid  only  in  unseasoned 
wood  of  dead  or  dying  trees.  How- 
ever, Barr  and  Manis  (1954)  reported 
attacks  on  healthy  black  locust. 

Bromley  (1934)  recorded  Pro- 
machus  bastardi  (Macquan)  (Dip- 
tera:  Asilidae)  as  a  predator  of  this 
beetle.  The  following  parasites  have 
been  reared  from  N.  acuminatus: 
Helconideta  ferruginea  (Brues), 
Helconideta  ligator  (Say),  Coeloides 
scolytivorus  (Cresson),  Xoridea  albo- 
pictus  (Cresson)  (Linsley  1964); 
Xorides  humeralis  humeralis  (Say) 
(Krombein  and  Burks  1967).  Gal- 
ford  (1969)  successfully  reared  this 
cerambycid  from  the  egg  stage  on 
artificial  diet. 
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Figure  10.— Distribution  of  Neoclytus  acuminatus  acuminatus  (■),  Neoclytus  muri- 
catulus  muricatulus  ( • ),  and  Nivellia  mutabilis  ( (^ ). 


Neoclytus  muricatulus  muricatulus 

(Kirby) 

[Subfaniily:Cerambycinae] 


SIZE.  1.0  cm. 

DISTRIBUTION.  Cass,  McHenry, 
Morton,  Slope,  and  Stark  Counties 
(fig.  10). 

HOSTS.  Picea  spp.,  Lartx  spp. 
(Linsley  1964);  Piniis  ponderosa. 

COMMENTS.  Adults  collected  from 
June  8  to  July  6.  This  species  appears 
to  attack  seasoned  wood  with  the 
bark  still  attached.  Ponderosa  pine 
cut  in  1968  was  caged  in  June  of 
1970,  and  adults  emerged  in  late 
February  1971  without  a  cold  treat- 
ment. Larval  habits  are  similar  to 
those  of  N.  acuminatxis.  Helcon 
pedalis  Cresson  is  recorded  as  a 
hymenopterousparasiteofthisspecies 


(Muesebeck  et  al.  1951).  Gardiner 
(1970)  has  reported  the  successful 
rearing  of  this  wood  borer  on  artifi- 
cial diet. 
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Nivellia  (  =  Anoplodera)  mutabilis 
(Newman) 

[Subfamily :  Lepturinae] 


SIZE.  9.0  mm. 

DISTRIBUTION.  Bottineau  Coun- 
ty (fig.  10). 

HOSTS.  Hardwoods  in  general  (Dil- 
lon and  Dillon  1961);  Picea  rubra 
(Baker  1972). 

COMMENTS.  Adult  collected  on 
high  bush  cranberry  ( Viburnum,  tri- 
lobum)  June   26.    Adults  are  often 


found  on  flowers,  and  the  larvae  are 
known  to  infest  decaying  hardwoods 
(Dillon  and  Dillon  1961). 


Oberea  basalis  LeConte 
[Subfamily :  Lamiinae] 

SIZE.  8.0  mm. 


DISTRIBUTION.  Bottineau  County 

(fig.  11). 

HOSTS.  Rubus  spp.  (Dillon  and 
Dillon  1961). 

COMMENTS.  Adult  collected  July  8 
in  a  Malaise  trap.  This  species  is  re- 
corded as  breeding  in  living  stems  of 
raspberry  and  blackberry  plants  (Dil- 
lon and  Dillon  1961). 


24 


Figure  11.— Distribution  of  Oberea  basalls  ((7)),  Oberea  bimaculata  (■),  Oberea 
quadricallosa  (  (§)  ),  Oberea  tripunctata  ( • ),  and  Obrium  rufulum  (  A  ). 


Oberea  bimaculata  (Olivier) 
— Raspberry-cane  borer 

[Subfamily :  Lamiinae] 


SIZE.  9.0  mm. 

DISTRIBUTION.  Cavalier  and 
Pembina  Counties  (fig.  11). 

HOSTS.  Rubtis  spp.  (Dillon  and  Dil- 
lon 1961). 

COMMENTS.  Adults  collected  from 
June  27  to  July  28.  This  species  is  re- 
corded as  breeding  in  stems  of  living 
raspberry  and  blackberry  plants 
(Beutenmuller  1896).  Craighead 
(1923)  states  that  the  larvae  mines 
the  stems,  hollowing  them  out  and 
eventually  causing  the  stems  to  break 


off.  Numerous  holes  are  cut  to  the 
exterior  surface  along  the  hollowed 
portion. 


25 


Oberea  quadricallosa   LeConte 

[Subfamily :  Lamiinae] 

SIZE.  9.0  mm. 

DISTRIBUTION.  McHenry  County 
(fig.  11). 

HOSTS.  Salix  spp.  (Beutemnuller 
1896);  Populus  tremuloides. 

COMMENTS.  Beutenmuller  (1896) 
and  Keen  (1952)  indicate  that  larvae 
have  been  found  in  the  stems  of  wil- 
low. In  North  Dakota  on  May  11, 
larvae  were  infesting  the  top  main 
stems  of  young  aspen  trees.  Larvae 
bore  down  the  stem  and  pack  frass 
loosely  in  portions  of  the  open  gallery. 


Larvae  were  removed  and  success- 
fully reared  on  McMorran  (1965) 
spruce  bud  worm  diet. 


Oberea    tripunctata    (Swederus) — 
Dogwood  twig  borer 

[Subfamily :  Lamiinae] 


SIZE.  9.0  mm. 

DISTRIBUTION. 
County  (fig.  11). 


Grand      Forks 


HOSTS.  Comus,  Ulmus  spp.,  0^:31- 
dendum  arboreum,  Kalmia,  Rhodo- 
dendron, Viburnum,  Prunus,  Cy- 
donia,  Malus,  Amygdalus  (Craig- 
head 1923);  Populus  (Dillon  and 
Dillon  1961);  Ribes  idaeus  (Bird 
1927);i?26e5sp. 

COMMENTS.  Adults  collected  from 
June  13  to  July  11.  According  to 
Craighead  (1950),  the  female  de- 
posits her  eggs  in  the  living  twags  of 
the  host  after  girdling  the  tips.  The 
larva  bores  down  the  center  of  the 
twig,  making  a  series  of  holes  for  the 
expulsion  of  frass  and  cutting  off  por- 
tions of  the  twig  as  it  bores  on  into 


the  green  wood.  Larvae  overwinter 
and  pupate  in  the  spring  between 
two  wads  of  fibrous  frass.  Coleman 
(1966)  refKjrted  that  the  pupae  over- 
winter in  Georgia.  Linsley  (1961) 
listed  this  cerambycid  as  a  host  for 
the  braconid  Bracon  ceramycidipha- 
gus  (Muesebeck).  Gardiner  (1970) 
has  reported  the  successful  rearing  of 
O.  tripunctata  on  artificial  diet. 
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Obrium  rufulum  Gahan 
[SubfamilyrCerambycinae] 

SIZE.  6.0  mm. 

DISTRIBUTION.    Cass    and    Bur 
leigh  Counties  (fig.  11). 


HOSTS.  Framus  spp.  (Champlain 
et  al.  1925);  Quercus  spp.  (Dillon 
and  Dillon  1961);  Fraxinus  sp.  (Lins- 
leyl963). 

COMMENTS.  Adults  collected  from 
July  10  to  August  10.  One  of  the 
adults  had  been  swept  from  Caragana 
arborescens.  The  larvae  bore  in  dead 
branches  of  ash,  packing  their  mines 
tightly  with  frass.  Although  the  life 
cycle  is  completed  in  a  year,  the 
beetles  continue  to  breed  in  the  same 


twigs  for  several  generations  (Linsley 
1963).  Pimpla  irritator  (Fabricius), 
Alioliis  stictipleurus  Martin,  and 
Metapelma  spectabilis  Westwood  are 
all  hymenopterous  parasites  of  O. 
rufulum  (Linsley  1963,  Peck  1963). 


Parandra  brunnea  brunnea  (Fab- 
ricius)— Pole  borer 

[Subfamily:  Parandrinae] 

SIZE.  1.5  cm. 

DISTRIBUTION.  Burleigh  and  Cass 
Counties  (fig.  12). 

HOSTS.  Prunus  cerasus,  Saltx  alba, 
Ailanthus  glandulosus,  Pinus  rigida 
(Chittenden  1894);  Quercus,  Popu- 
lus,  Castanea  pumila,  C.  dentata, 
^cer  spp.,  Tilia,  Liriodendron,  Py- 
rxis,  Ulmtis  americana,  Paulounia 
(Linsley  1962a). 

COMMENTS.  Adults  collected  on 
April  7  and  August  3  10.  Brooks 
(1915)  states  that  the  borer  primarily 
attacks  poles  and  other  structural 
wood  in  contact  with  the  ground. 
The  adult  also  attacks  shade  trees, 
laying  eggs  on  wounds  or  exposed 
heartwood.  The  larvae  feed  gregar- 
iously for  3  or  4  years,  honeycombing 
the  wood  and  packing  the  mines  with 


granular  frass.  The  oval  pupal  cell  is 
plugged  behind  with  a  wad  of  fibrous 
frass  (Kotinsky  1921).  Often  the 
adults  do  not  emerge,  but  mate  and 
lay  eggs  in  the  same  cavity  in  which 
they  are  working  (Brooks  1915,  Kotin- 
sky 1921,  Baker  1972).  According  to 
Gardiner  (1970),  this  species  was 
successfully  reared  on  artificial  diet. 
Odontocolon  melUpes  (Say)  (Brooks 
1915)  and  Pimpla  sp.  (Riley  1880) 
have  both  been  reported  as  parasites 
of  this  wood  borer. 
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Figure  12.— Distribution  of  Parandra  brunnea  brunnea  (■),  Physocnemun  brevl- 
lineum  ( • ),  and  PlecUodera  scalator  (  ▼  ). 


Physocnemum  hrevilineum  (Say)— 
Elm-bark  borer 

[SubfamilyrCerambycinae] 


SIZE.  1.6  cm. 

DISTRIBUTION. 

(fig.  12). 


Ward     County 


HOSTS.  Ulmus  spp.  (Craighead 
1950);  Ulmus  americana  (Halibur- 
tonl951). 

COMMENTS.  Adult  collected  on 
June  20.  According  to  Haliburton 
(1951),  larvae  infest  the  bark  of  both 
living  and  recently  dead  American 
elms.  Although  this  sf)ecies  is  re- 
corded as  living  in  the  outer  bark,  it 
also  injures  the  inner  bark  and  may 


f 


kill  patches  of  the  cambium.  Adults 
are  often  collected  on  sunny  por- 
tions of  the  trunk. 
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Plectrodem  scalator  (Fabricius) — 
Cottonwood  borer 

[Subfamily :  Lamiinae] 


SIZE.  2.8  cm. 

DISTRIBUTION.  Burleigh  County 
(fig.  12). 

HOSTS.  Populus  spp.,  Popxdus  del- 
toides,  Salix  spp.  (Milliken  1916, 
DUlon  and  Dillon  1941). 

COMMENTS.  Adults  collected  on 
August  8.  As  reported  by  Milliken 
(1916)  and  summarized  by  Baker 
(1972),  the  Cottonwood  borer  breeds 
in  the  base  of  living  cottonwoods  and 
willows.  Adults  appear  in  late  spring 
or  early  summer  and  feed  on  the 
tender  shoots  of  young  trees.  These 
shoots  often  break,  shrivel,  and  turn 
black.  Eggs  are  deposited  in  the  bark 
below  the  groundline  at  the  base  of 
the  tree.  Young  saplings  and  nursery 
stock  are  subject  to  attack,  but  larger 
trees  are  usually  selected.  The  larvae 

Pogonocherus  mixtus  Haldeman 
[Subfamily:  Lamiinae] 

SIZE.  6.0  mm. 

DISTRIBUTION.  McHenry  County 
(fig.  13). 

HOSTS.  Pyrus,  Salix  spp.  (Beuten- 
muller  1896,  Leng  and  Hamilton 
1896);  Pinus  sp.,  Picea  sp.  (Craig- 
head 1923);  Pinits  ponderosa. 

COMMENTS.  According  to  Leng 
and  Hamilton  (1896),  this  species  is 
found  on  pear,  and  the  larvae  infest 
dead  branches  of  willow.  In  North 
Dakota  we  have  reared  adults  from 
ponderosa  pine  that  had  been  cut  in 
1968  and  caged  in  June  of  1970. 
Adults  emerged  on  July  15  and  Au- 
gust 4.  Neoclytus  muricatulits  muri- 


feed  in  the  phloem,  mining  down- 
ward and  commonly  entering  a  large 
root  by  fall.  The  second  summer 
they  continue  feeding  and  excavating 
galleries,  and  pushing  out  coarse 
frass  through  holes  made  near  the 
egg  slits.  The  base  of  infested  trees 
may  be  practically  riddled  by  their 
tunnels.  Two  years  are  required  to 
complete  the  life  cycle.  Damage  may 
also  be  serious  in  natural  stands 
growing  on  poor  sites  (Morris  1963). 


catulus  was  n  "red  from  the  same 
material.  Gardi.  -r  (1970)  reported 
successfully  rearing  P.  mixtus  on  an 
artificial  diet. 

Linsley  (1961)  states  that  the  clerid 
beetle  Cregya  oculata  (Say)  is  a  pred- 
ator of  this  wood  borer. 
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Figure  13.— Distribution  of  Pogonocherus  mixtus  (  t  ),  Pogonocherus  pamillus  ((£)), 
Prionus  fissicomis  (■),  and  Prionus  imbricornis  ( • ). 


Pogonocherus  parvullus  LeConte 
[Subfamily:  Lamiinae] 


SIZE.  4.0  mm. 


DISTRIBUTION.  Bottineau  Ck)unty 
(fig.  13). 

HOSTS.  Salix  sp. 

COMMENTS.     Lower    live    willow 
branches  were  infested  with  larvae. 


Host  material  was  caged  on  April  29        ' 
and  adults  emerged  on  May  10  and 
June  1. 
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Prionus  fissicomis  Haldeman 
[Subfamily:  Prioninae] 

SIZE.  2.8  cm. 


DISTRIBUTION.  Adams,  Bur- 
leigh, Cass,  Dunn,  McHenry,  Mc- 
Kenzie,  Renville,  Stark,  Ward,  and 
McLean  Counties  (fig.  13). 

HOSTS.  Maize,  native  grasses  (Swenk 
1922). 

COMMENTS.  Adults  have  been  col- 
lected in  light  traps  from  May  7  to 
September  29.  According  to  Swenk 
(1922),  this  species  feeds  on  roots  of 
various  native  grasses  of  the  Great 
Plains.  Field  maize  planted  in  sod 
has  been  severely  damaged  by  larvae 
boring  up  into  the  heart  of  the  corn- 
stalk 2  to  5  cm  above  the  ground. 


Prionus  imbricomis  (Linnaeus) — 
Tile-horned  prionus 

[Subfainily:Prioninae] 


SIZE.  3.0  cm. 

DISTRIBUTION.  McHenry,  Pem- 
bina, and  Richland  Counties  (fig. 
13). 

HOSTS.  Vttts,  Pyrus,  herbaceous 
plants  (BeutenmuUer  1896);  Quer- 
cus,  Castanea  dentata  (Craighead 
1915);  5or6u.j,  Maize  (Linsley  1962a). 

COMMENTS.  Adults  collected  in 
light  traps  from  June  18  to  August 
12.  The  larvae  are  usually  found  in 
living  roots  of  oak  and  chestnut 
(Craighead  1915),  but  BeutenmuUer 
(1896)  has  reported  them  infesting 
grape,  pear,  and  several  herbaceous 
plants.  According  to  Craighead 
(1915),  eggs  are  laid  at  the  base  of 


the  tree;  larvae  eventually  penetrate 
the  heartwood  and  completely  hollow 
out  the  roots.  The  larval  period  lasts 
3  or  more  years.  When  the  larvae 
leave  the  roots,  they  construct  an 
earthen  pupal  cell  several  cm  below 
the  soil  surface.  Adults  emerge  from 
the  groimd  during  midsummer. 
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Psenocerus  supemotatus  (Say) — 
Currant-tip  borer 

[Subfamily:  Lamiinae] 

SIZE.  5.0  mm. 

DISTRIBUTION.  Bottineau,  Cass, 
and  Grand  Forks  Counties  (fig.  14). 

HOSTS.  Ulmus,  Lmodendron  tuUpi- 
fera,  Salix,  Ampelopsis  quinquefolia 
(Champlain  et  al.  1925);  Castanea 
dentata,  Carya,  Rhus,  Comus,  Rtbes, 
Lomcera,  Liquidambar,  Celastrus 
(Knull  1946);  Euonymus,  Hicoria 
(Craighead  1923);  Prunus  virgtmana 
(Bird  1927). 

COMMENTS.  Adults  collected  from 
June  15  to  August  16  at  flowers  or 
in  a  Malaise  trap.  Larvae  infest  dead 
branches  of  the  host  (Champlain 
et  al.  1925,  Knull  1946).  The  larvae 
first  extend  their  tunnels  under  the 
bark,  and  then  mine  into  the  wood 
and  pupate  in  the  spring  in  a  cylin- 
drical cell  (Craighead  1923). 
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Figure  14.— Distribution  of  Psenocerus  supemotatus  (■),  Psyrassa  unicolor  (  ▼  ),  I 
Purpuricenus  humeralis  ( • ),  and  Ropalopus  sanguinicollis  ( (i) ).  ' 
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Psyrassa  unicolor  (Randall) 
[SubfamilyrCerambycinae] 

SIZE.  9.0  mm. 

DISTRI BUTION .  Cass  and  Pembina 
Counties  (fig.  14). 

HOSTS.  Jiiglans  nigra,  Fagus  ameri- 
cana,  Carya,  Quercus  (Champlain 
et  al.  1925);  Pruntis,  Cercis  canaden- 
sis (Knull  1946);  Morus  rubra,  Vitis 
(Linsleyl963). 

COMMENTS.  Adults  collected  in 
light  traps  from  June  2  to  August  1 . 
According  to  Champlain  et  al. 
(1925),  the  larvae  infest  live  twigs 
and  girdle  them  near  a  node.  Girdled 
twigs  usually  fall  to  the  ground  in 
the  spring.  The  incision  for  severing 
the  branches  is  oblique  rather  than 
transverse,  and  the  life  cycle  is  com- 


plete in  1  year  (Craighead  1923). 
Both  of  the  ichneumons  Agonocryp- 
tus  discoidaloides  (Viereck)  and  La- 
bena  grallator  (Say)  have  been  re- 
corded as  parasites  of  this  wood  borer 
(Muesebecket  al.  1951). 


Purpuricenus  humeralis 
(Fabricius) 

[SubfamilyrCerambycinae] 


SIZE.  1.2  cm. 

DISTRIBUTION.  Bottineau  and 
Richland  Counties  (fig.  14). 

HOSTS.  QuerciLS,  Betula,  Castanea 
dentata,  Robinia  pseudoacacia 
(Knull  1946);  Carya,  Alnus  rugosa, 
Moms  rubra,  Cercis  canadensis, 
y4cer  (Linsley  1962b). 

COMMENTS.  Adults  collected  in 
Malaise  traps  from  July  22  to  August 
2.  Larvae  occur  in  oak  stumps  (Beu- 
termiuller  1896)  or  dead  branches  of 
the  host  material.  According  to 
Craighead  (1923),  the  larvae  mine 
beneath  the  bark,  and  then  tunnel 
into  the  heartwood  to  pupate.  In  the 


process  of  excavating  their  galleries, 
larvae  push  out  large  quantities  of 
granular  frass  through  openings  in 
the  bark.  Normally  2  years  are  re- 
quired to  complete  the  life  cycle. 
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Ropalopiis  sanguinicollis  (Horn) 
[  Subfamily :  Cerambycinae] 

SIZE.  1.1cm. 

DISTRIBUTION.  Mercer  County 
(fig.  14). 

HOSTS.  Prunus  spp.  (Bird  1927); 
Prunus  virginiana. 

COMMENTS.  According  to  Bird 
(1927),  the  larvae  tunnel  beneath  the 
bark  of  live  vn\A  cherry,  packing  the 
burrows  with  granular  frass.  At  the 
end  of  2  years,  the  larvae  enter  the 
heartwood  and  construct  a  pupal  cell 
at  the  end  of  a  15-  to  30-cm  tunnel. 
Adults  apparently  emerge  in  June 
and  July.  In  North  Dakota,  larvae 
were  removed  from  live  wood  of 
chokecherry  (Prunus  virginiana)  and 

Saperda  calcarata  Say  — Poplar 
borer 


[Subfamily :  Lamiinae] 


SIZE.  2.1cm. 


DISTRIBUTION.  Bottineau,  Cass, 
McHenry,  Ransom,  Renville,  and 
Richland  Counties  (fig.  15). 


HOSTS.  Populus  spp.,  Salix  spp., 
Tilia  (Beutenmuller  1896,  Knull 
1946). 

COMMENTS.  According  to  Peter- 
son (1947),  it  takes  from  3  to  5  years 
to  complete  the  life  cycle.  Eighty  per- 
cent of  the  eggs  are  laid  below  the 
foliage  canopy.  Small  surface  bur- 
rows are  made  during  the  first  sea- 
son and  later  expanded  into  a  "feed- 
ing chamber"  with  a  larger  tunnel 
leading  up  into  the  heartwood.  Hi- 
bernation and  pupation  occur  at  the 
upper  end  of  this  tunnel.  The  adults 
emerge  during  June  and  July.  Gard- 


placed  upon  McMorran's  (1965)  arti- 
ficial diet  October  26.  The  larvae 
underwent  a  cold  treatment  from 
November  1  to  February  14,  pupated 
February  24,  and  adults  emerged 
March  10. 


iner  (1970)  reported  successfully  rear- 
ing S.  calcarata  on  artificial  diet. 

The  incidence  of  attack  increases 
with  the  age  and  diameter  of  the 
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tree  (Abrahamson  and  Newsome 
1972),  and  decreases  with  high  stand 
density  (Peterson  1947)  and  wet 
weather  (Graham  and  Mason  1958). 
Wong  et  al.  (1963)  indicated  that  a 
particular  form  of  S.  calcarata  ob- 
served in  Manitoba  and  Saskatche- 
wan prefers  to  attack  the  root  collar 
of    small-diameter    trees.     Peterson 


(1947)  also  reported  mortality  caused 
by  the  parasites  Eutheresia  canescens 
(Walker),  Ichneumon  sp.,  Campo- 
plex  sp.,  Campoplex  sulcatellus 
Viereck,  and  Cremastus  sp.  He  noted 
that  third-  and  fourth-year  larvae 
and  pupae  in  smaller  trees  were  sus- 
ceptible to  woodpecker  predation. 
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Figure  15.— Distribution  of  Saperda  calcarata  (■),  Saperda  Candida  bipunctata  (•), 

and  Saperda  concolor  (  T  ). 


Saperda  Candida  bipunctata 
Hopping  — Roundheaded  apple 
tree  borer 


[Subfamily:  Lamiinae] 


SIZE.  1.1cm. 

DISTRIBUTION.      Pembina 
Walsh  Counties  (fig.  15). 


HOSTS.  Pyrus,  Malus,  Prunus  spp., 
Sorbus,  Amelanchier  alnifolia,  Cra- 
taegus spp.,  Cydonia  (Beutenmuller 
1896);  Aronia  spp.  (Knull  1946); 
Amydalus  (Craighead  1923). 

COMMENTS.  Adults  collected  from 
June  31  to  July  12.  According  to 
Becker  (1918),  adults  deposit  eggs  at 


and 


the  base  of  living  trees.  The  larvae 
feed  beneath  the  bark  for  1  year  and 
then  bore  into  the  wood,  making 
large  excavations.  The  hymenop- 
terans  Melittobia  chalyOii  Ashmead 
(Peck  1963)  and  Cenocoeltus  saper- 
dae  (Ashmead)  (Linsley  1961)  have 
been  recorded  as  parasites. 
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Saperda  concolor  LeConte 
[Subfamily :  Lamiinae] 

SIZE.  9.0  mm. 

DISTRIBUTION.  McHemy  County    -vjjyr^i 
(fig.  15). 


HOSTS.  Populus  spp. 
tenmuller  1896). 


Salix  (Beu- 


COMMENTS.  A  single  collection 
made  on  May  1 1 .  McLeod  and  Wong 
(1967)  state  that  the  preferred  host 
is  willow,  with  an  occasional  collec- 
tion from  trembling  aspen.  This 
species  generally  has  a  2-year  life 
cycle.  Eggs  are  laid  on  small  branches, 
and  larval  activity  results  in  a  gall  4 
inches  in  length,  twice  the  diameter 
of  the  stem,  and  characterized  by 
alternating  ridges  and  depressions. 
McLeod  and  Wong  also  record  the 
following  larval  parasites:  Cubo- 
cephaltts  contatus  Townes  &  Gupta, 
Cubocephalus  proltxusTovmcs,  Dolt- 


chomitus  messor  perlongus  (Cresson), 
DoUchomttus  populneus  (Retzius), 
DolichomttiLS  sp.  nr.  messor,  Xylo- 
phrurus  bicolor  bicolor  (Cushman), 
Bracon  n.  sp.,  Meteorus  n.  sp., 
Meteorus  tibialis  Muesebeck,  Odinia 
boletina  (Zetterstedt).  They  noted 
that  the  black-backed  three-toed 
woodpecker  {Picoides  arcticns)  was 
an  avian  predator. 


Saperda  lateralis  lateralis 
Fabricius 

[Subfamily :  Lamiinae] 


SIZE.  1.0  cm. 

DISTRIBUTION.  Ransom  County 
(fig.  16). 

HOSTS.  Acer,  Carya,  Fraxinus,  Ul- 
mus,  Tilia,  Quercus,  Prunus  (Craig- 
head 1923);  Pintis  virginiana  (Perry 
1975). 

COMMENTS.  This  species  seems  to 
be  somewhat  rare  in  North  Dakota. 
Specimens  have  been  collected  from 
July  10  to  16.  Craighead  (1923)  re- 
cords the  larvae  as  infesting  dead 
host  material  and  mining  between 


the  bark  and  the  wood.  The  1-year 
life  cycle  takes  place  in  moist  wood, 
preferably  at  the  base  of  trees. 
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Figure  16.— Distribution  of  Saperda  lateralis  lateralis  (■),  Saperda  mutica  {  ▼  ),  and 

Saperda  vestita  ( (i) ). 


Saperda  mutica  Say 
[Subfamily:  Lamiinae] 

SIZE.  1.5  cm. 

DISTRIBUTION.   Ransom  County 
(fig.  16). 

HOSTS.  Salix  spp.  (Baker  1972). 

!  COMMENTS.  This  species  is  some- 
what rare  in  North  Dakota,  and  has 
been  collected  on  only  two  occasions 
in  late  July.  According  to  Baker 
(1972),  the  larvae  infest  dead  willow. 
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Saperdavestita  Say  — Linden  borer 
[Subfamily:  Lamiinae] 

SIZE.  1.7  cm. 

DISTRIBUTION.  Richland  County 
(fig.  16). 

HOSTS.   Tilia  and  Populus  (Baker 

1972). 

COMMENTS.  Apparently  rare  in 
North  Dakota.  One  adult  collected 
on  June  15.  Baker  (1972)  states  that 
adults  feed  on  leaf  petioles,  the  larger 
veins  of  leaves,  and  the  bark  of  grow- 
ing shoots.  The  larvae  first  feed  be- 
neath the  bark  and  then  bore  deep 
into  the  heartwood.  Unhealthy  and 
weakened  trees  are  particularly  sus- 


ceptible to  attack.  Kotinsky  (1921) 
indicates  that  larvae  are  found  in 
exposed  roots,  lower  limbs,  and  the 
root  collar  area.  Gardiner  (1970) 
reported  that  this  species  was  success- 
fully reared  on  artificial  diet. 


Stenocorus  schaumi  (LeConte) 
[Subfamily :  Lepturinae] 

SIZE.  2.0  cm. 

DISTRIBUTION.  Cass  County  (fig. 
17). 

HOSTS.  Populus  (Craighead  1923). 

COMMENTS.  Adult  collected  on 
July  12.  Craighead  (1923)  reports 
rearing  this  species  from  cottonwood 
twigs.  Riley  (1892)  describes  the 
habits  of  this  species  in  cotton. 
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Figure  17.— Distribution  of  Stenocorus  schaumi  (■),  Stenocorus  Uivitatus  (•),  and 

Stenocorus  vittiger  {  ▼  ). 


Stenocorus  trivitatus  (Say) 
[Subfamily:  Lepturinae] 

SIZE.  1.7  cm. 

DISTRIBUTION.  Billings,  Botti- 
neau, and  Dunn  Counties  (fig.  17). 

HOSTS.  Unknown. 

COMMENTS.  Adult  flight  period 
occurs  between  July  13  and  August 
8.  Adults  were  collected  with  a  Ma- 
laise trap. 
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Steru)corus  vittiger  (Randall) 
[Subfamily :  Lepturinae] 

SIZE.  1.0  cm. 

DISTRIBUTION.  Pembina  Ckjunty 
(fig.  17). 

HOSTS.  Unknown. 

COMMENTS.  Adult  collected  June 
27.  According  to  Knull  (1946),  the 
adults  frequent  flowers,  especially 
those  of  Hydrangea  arborescens  and 
Viburnum  acorfolium. 


Stemidius  alpha  (Say) 
[Subfamily :  Lamiinae] 

SIZE.  5.0  mm. 

DISTRIBUTION.  Bottineau  County 

(fig.  18). 

HOSTS.  Rhus  glabra,  Malm  (Beu- 
tenmuller  1896);  Platanus  (Dillon 
and  Dillon  1961);  Acer,  Ampelopsis, 
Carya,  Castanea,  Celastrus,  Celtis, 
Diospyros,  Juglans,  Moms,  Quercus, 
Robinia  (Craighead  1923). 

COMMENTS.  Adult  collected  in 
Malaise  trap  on  July  26.  The  larvae 
infest  small  twigs  of  the  host,  pupat- 
ing in  the  wood  (Craighead  1923). 


Linsley  (1961)  listed  the  braconids 
Cenocoelius  ashmeadii  Dalla  Torre, 
CenocoeUus  provancheri  (Rohwer), 
and  Heterosptlus  liopodis  (Brues)  as 
parasites  of  this  beetle. 
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Stemidius  alpha  misellus  LeGjnte 
[Subfamily:  Lamiinae] 


HOSTS.  Acer  negundo. 


SIZE.  5.0  mm. 

DISTRIBUTION.     Bottineau     and 
Richland  Counties  (fig.  18). 


COMMENTS.  Adults  were  collected 
in  late  July  on  the  bark  of  boxelder 
by  a  chemical  collecting  method 
(Stein  1975). 


Figure  18.— Distribution  of  Stemidius  alpha  (•),  Stemidius  alpha  misellus  (■),  and 

Strangalia  famelica  {  t  ). 


Strangalia  famelica  (Newman) 
[Subfamily:  Lepturinae] 

SIZE.  1.4  cm. 

DISTRIBUTION.  Grand  Forks 
County  (fig.  18). 

HOSTS.  Betula,  Quercus  (Knull 
1946). 

COMMENTS.  Adults  collected  on 
July  11.  Knull  (1946)  reported  this 
species  breeding  in  decayed  yellow 
birch  and  oak.  The  adults  are  known 
to  visit  flowers,  especially  wild  rose. 
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Tetraopes  annulatus  LeConte 
[Subfamily :  Lamiinae] 

SIZE.  1.0  cm. 

DISTRIBUTION.  Burleigh,  Pern 
bina,  Ramsey,  Ransom,  Richland, 
and  Sheridan  Counties  (fig.  19). 

HOSTS.  Asclepias  subverticillata,  A. 
verttctllata,  A.  xjiridiflorus,  A.  spec- 
iosa  (Chemsak  1963). 

COMMENTS.  Adults  have  been  col- 
lected from  June  20  to  August  7.  Ac- 
cording to  Chemsak  (1963),  this 
beetle  infests  several  species  of  milk- 
weeds. 


Figure  19.— Distribution  of  Tetraopes  annulatus  (■),   Tetraopes  femoratus  {  ▼ 
Tetraopes  tetraophthalmus  ( • ),  and  Tragidion  armatum  ( (S) ). 
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Tetraopes  femoratus  LeConte 
[Subfamily :  Lamiinae] 

SIZE.  9.0  mm. 

DISTRIBUTION.  Cavalier.  Grand 
Forks,  and  Pembina  Counties  (fig. 
19). 

HOSTS.  Asclepias  syriaca,  A.  latt 
folia,  A.  viridis,  A.  hallii,  A.fasciu- 
laris,  A.  ^emmonM  (Chemsak  1963). 

COMMENTS.  Adults  collected  from 
August  2  to  22.  Larvae  known  to 
infest  several  species  of  milkweeds. 


Tetraopes  tetraophthalmus  (Foster) 
— Milkweed  beetle 

[Subfamily:  Lamiinae] 


SIZE.  1.1cm. 

DISTRIBUTION.  Cass,  Grand 
Forks,  McLean,  Ransom,  jmd  Rich- 
land Coimties  (fig.  19). 

HOSTS.  Asclepias  syriaca,  A.  incar- 
nata,  A.  perennis,  Apocynum  can- 
riabium,  A.  viridiflorus  (Chemsak 
1963). 

COMMENTS.  Adults  collected  from 
June  2  to  August  28.  This  species 
breeds  in  milkweed.  Craighead(1923) 
found  that  the  larvae  migrate  in  the 
jsoil  from  one  root  to  another,  usually 
jconsume  the  bark  of  the  root  without 
imining  the  pith,  and  then  pupate  in 
the  soil  near  the  surface  of  the  ground . 
According  to  Gardiner  (1961a),  the 


adult  beetle  lays  her  eggs  in  dry  milk- 
weed or  grass  stubs.  Within  10  days 
the  eggs  hatch.  The  larvae  enlarge 
the  oviposition  hole  and  drop  to  the 
ground.  Gardiner  (1970)  also  re- 
ported successful  rearing  of  this 
species  from  the  egg  stage  on  artifi- 
cial diet. 


1 
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Tragidion  armatum  LeGonte 
[Subfamily:Cerambycinae] 

SIZE.  2.0  cm. 

DISTRIBUTION.  Cass  County  (fig. 
19). 

HOSTS.  Yucca  angustifolta  (Town- 
send  1892);  Yucca  spp.,  Agave  sp. 
(Linsley  1962b);  Dasylirion  (Chem- 
sak  and  Powell  1966). 

COMMENTS.  Adults  collected  on 
June  12.  According  to  Chemsak  and 
Powell  (1966),  the  larvae  feed  in 
flowering  scapes  of  various  genera  of 
Agavaceae,  including  Agave,  Dasy- 
linon,  and  Yucca.  Newly  hatched 
larvae  begin  to  feed  in  the  pith,  con- 
structing tunnels  along  the  main  axis 
of  the  scape.  The  galleries  contain 
sections  of  tightly  packed  irass  with 
intermittent  empty  spaces.  Pupation 
takes  place  at  the  end  of  the  feeding 
gallery  in  a  broadened  chamber  next 
to    the    scape's    surface.    TowTisend 

Tylonotus  bimaculatus  Haldeman 
— Ash  and  privet  borer 

[Subfamily:Cerambycinae] 

SIZE.  1.3  cm. 

DISTRIBUTION.  Barnes,  Morton, 
and  Ward  Counties  (fig.  20). 

HOSTS.  Fraxinus  spp . ,  Carya,  Lirio- 
dendron  tulipifera  (Beutenmuller 
\%9e)\  Juglans  nigra.  Betula  (Knull 
1946);  Ulmus,  Ligustrum  (Linsley 
1962a);  Fraxinus  pennsylvanica. 

COMMENTS.  Adults  collected  from 
July  16  to  August  2.  According  to 
Craighead  (1950),  "The  adults  fly 
early  in  summer  in  the  eastern  and 
central  States,  laying  the  eggs  be- 
neath scales  of  bark  on  living  or  dying 


(1892)  and  Linsley  (1962b)  reported 
that  1  year  was  necessary  for  the 
development  of  this  species.  How- 
ever, Chemsak  and  Powell  (1966) 
indicated  that  material  colleaed  in 
California  requires  2  years  to  under- 
go full  development.  In  North  Da- 
kota, the  probable  host  is  Yucca 
glauca  west  of  the  Missouri  River. 
The  capture  of  this  cerambycid  in 
Cass  County  represents  an  accidental 
introduction  or  the  existence  of  an 
unusual  host  in  the  immediate  area. 
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ash  trees  or  at  the  base  of  privet 
plants.  In  ash  the  young  larvae  feed 
principally  in  the  bast  tissue  of  the 
bark  but  when  more  fully  matured 
go  deeper,  scarring  the  wood.  In 
privet  they  mine  more  extensively 
beneath  the  bark  and  in  the  wood. 
They  make  broad  meandering  mines 
packed  with  granular  frass  which  is 
not  pushed  out.  Sap  oozing  from  the 
wound  marks  the  point  of  attack.  In 
ash  trees,  first  the  large  branches 
are  usually  attacked  and  killed  and 
later  the  main  trunk,  but  in  privet 
these  borers  always  mine  the  base. 
The  pupal  cell  is  constructed  in  or 
beneath  the  bark.  The  larval  stage 
extends  over  a  period  of  2  years.  In 


certain  localities  this  insect  becomes 
abundant  and  causes  the  malforma- 
tion or  death  of  many  ash  trees.  Old, 
mature  trees  and  drought -injured 
trees  are  attacked  and  gradually  die 
branch  by  branch,  especially  those 
in  parks  or  windbreaks.  Privet  hedges 
frequently  suffer  severely  when  these 
insects  become  abundant.  A  single 
larva  is  sufficient  to  kill  an  entire 
stem,  and  larvae  are  very  difficult  to 
find  before  the  plant  dies." 

Wygant  (1938)  reported  this  borer 
infesting  old  trees  suffering  from  lack 
of  moisture.  Tunnock  and  Tagestad 
(1973)  found  the  larvae  infesting 
healthy  green  ash  shelterbelts  in  drier 
areas  of  North  Dakota. 


LJh 


TOWNER      \CAVAUtfl 


1     1J 


j~r"  [ 


Igure  20.— Distribution  of  lylonoXus  bimaculatus  (  ▼  ),  Typocerus  confluens  (($), 
Typocerus  sinuatus  ( • ),  and  Typocerus  velutinus  (■). 
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Typocerus  confluens  (Haldeman) 
[Subfamily:  Lepturinae] 


SIZE.  1.0  cm. 

DISTRIBUTION.  Dickey,  Ransom, 
and  Richland  Counties  (fig.  20). 

HOSTS.  Carpmus,  Juglans  nigra, 
Fagiij(Knulll946). 

COMMENTS.  Adults  were  collected 
from  July  12  to  22.  According  to 
Knull  (1946),  this  species  has  been 
reared  from  decayed  beech  logs  and 
black  walnut  slash  in  Ohio.  This 
species  may  infest  decayed  wood  of 
boxelder  in  North  Dakota. 


Typocerus  sinuatus  (Newman) 
[Subfamily :  Lepturinae] 

SIZE.  1.2  cm. 

DISTRIBUTION.  Ransom,  Sargent, 
Slope,  and  Ward  Counties  (fig.  20). 

HOSTS.  Unknown. 

COMMENTS.  Nothing  is  definitely 
known  about  the  host  or  feeding 
habits  of  this  species.  Records  indi- 
cate that  larvae  may  infest  decaying 
hardwoods. 
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Typocerus  sparsus  LeConte 
[Subfamily :  Lepturinae] 


SIZE.  9.0  mm. 

DISTRIBUTION.  No  specific  desig- 
tnation  other  than  North  Dakota. 

I 

HOSTS.  Unknown. 


Typocerus  velutintis  (Olivier) 
Subfamily :  Lepturinae] 

ilZE.  1.1cm. 

)ISTRIBUTION.  Bottineau.  Cava- 
ier,  Pembina,  and  Richland  Coun- 
ies  (fig.  20). 

lOSTS.  Betula  (Knull  1946);  Carya 
Blackman  and  Stage  1924). 

COMMENTS.  Adults  collected  from 
line  1  to  August  16.  According  to 
Lnull  (1946),  this  species  breeds  in 
ecayed  wood  of  yellow  birch,  and 
ardwoods  and  conifers  in  general, 
blackman  and  Stage  (1924)  reported 
taring  specimen_s  from  decayed  hick- 
ry  that  had  been  dead  4  years.  In 
forth  Dakota  the  adults  have  been 


taken  in  Malaise  traps  and  on  cara- 
gana  and  goldenrod  {Solidago  sp.) 
flowers.  Gardiner  (1970)  reported 
successfully  rearing  this  species  from 
the  egg  stage  on  artificial  diet. 
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Xylotrechus  annosus  annosus  (Say) 
[Subfamily:Cerambycinae] 


SIZE.  1.0  cm. 

DISTRIBUTION.  Bottineau,  Bur- 
leigh, and  Cass  Counties  (fig.  21). 

HOSTS.  Salix  spp.  (Beutenmuller 
1896);  Populus  aurea,  P.  tremuloides 
(Linsley  1964). 

COMMENTS.  Adults  collected  from 
June  10  to  July  18.  According  to  Keen 
(1952)  and  Baker  (1972),  this  species 
breeds  in  aspen,  poplar,  and  willow 
from  the  northeastern  United  States 
to  the  Rocky  Mountains.  Coquillett 
(1883)  recorded  the  life  cycle  ais  being 
1  year  in  willow  —  from  April  of  one 
year  to  late  May  of  the  following  year. 
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Figure  21. — Distribution  of  Xylotrechus  annosus  annosus  (■),  Xylotrechus  colonus 
( • ),  and  Xylotrechus  convergens  (  ▼  ). 
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\Xylotrechus  colonus  (Fabricius)- 
j  Rustic  borer 

i  [Subfamily  :Cerambycinae] 


SIZE.  1.1cm. 

DISTRIBUTION.  Cass,  Richland, 
and  Ward  Counties  (fig.  21). 

HOSTS.  Acer  spp.,  Quercus  spp., 
\Carya  (Beutenmuller  1896,  Black- 
inan  and  Stage  1924);  Tsuga  cana- 
densis (Chtmiplain  et  al.  1925);  Cas- 
tanea,  Fagus,  Juglans,  Fraxmus,  Ul- 
mus  (Linsley  1964);  Carpinus  (Chag- 
non  1940);  Betula  (Gardiner  1960); 
Pinxis  virginiana  (Perry  1975). 

COMMENTS.  Adults  were  collected 
from  June  17  to  July  17.  According 
to  Gardiner  (1960),  mating  and  ovi- 
position  take  place  during  the  after - 
iaoon  and  on  warm  evenings.  The 
eggs  are  laid  beneath  bark  scales. 
Larvae  feed  on  the  inner  bark, 
:ightly  packing  the  gallery  with  gran- 
ular frass.  The  gallery  varies  some- 


what with  the  amount  of  inner  bark 
present.  The  wood  surface  of  oak  is 
deeply  scored,  whereas  the  gallery  in 
birch  is  confined  to  the  bark.  Pupa- 
tion takes  place  in  the  bark  or  the 
sapwood  and  lasts  for  approximately 
20  days.  The  life  cycle  of  this  insect 
varies  from  1  to  3  years  depending 
upon  environmental  conditions 
(Craighead  1923,  Blackman  and 
Stage  1924).  Craighead  (1923)  re- 
ported that  the  larvae  will  infest  most 
of  the  eastern  hardwoods;  Champlain 
et  al.  (1925)  reared  adults  from 
hemlock. 

Chittenden  (1894)  found  X.  colo- 
nus parasitized  by  Xorides  rileyi 
(Ashrnead),  Felt  (1905)  reported 
parasitism  by  Melanobracon  simplex 
Cresson  and  Arotes  decerns  (Say), 
and  Gardiner  (1960)  found  pupal 
parasitism  by  the  bracon  Helcontdia 
ligator  (Say)  and  the  entomogenous 
fungus  Isaria  farinosa  (Dicks.)  Fr. 
infecting  larvae  and  pupae.  Galford 
(1969)  and  Gardiner  (1970)  have 
both  reported  successfully  rearing 
X.  colonus  on  artificial  diets. 
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Xylotrechus  convergens  LeConte 
[Subfainily:Cerambycinae] 


SIZE.  9.0  mm. 

DISTRIBUTION.  McHenry  County 

(fig.  21). 

HOSTS.  Crateagus  spp.  (LeConte 
1880). 

COMMENTS.  According  to  Craig- 
head (1923),  the  larvae  completely 
honeycomb  the  heartwood  of  dead 
Crateagus  and  pupate  in  late  spring. 
However,  in  North  Dakota  we  have 
observed  attacks  in  live  Crateagus 
near  dead  branches.  This  particular 
host  material  was  caged  on  February 
25  and  the  adults  emerged  on  Octo- 
ber 17  of  the  same  year.  From  this 
rearing  material  emerged  the  ich- 
neumon Rhorus  sp. 


Xylotrechus  undulatus  (Say) 
[Subfamily:Cerambycinae] 

SIZE.  1.4  cm. 

DISTRIBUTION.  No  specific  infor- 
mation other  than  North  Dakota. 

HOSTS.  Picea  spp.,  Abies  balsamea, 
Pseudotsuga  taxifolia,  Pseudotsuga 
macrocarpa,  Larix  (Keen  1952, 
Baker  1972);  Pinus,  Tsuga  (Craig- 
head 1923). 

COMMENTS.  According  to  Baker 
(1972),  X.  undulatus  breeds  in  re- 
cently cut  balsam  fir,  larch,  hem- 
lock, and  spruce  in  the  northern  tier 
of  States.  Dillon  and  Dillon  (1961) 
reported  that  the  larvae  feed  under 
bark  of  almost  any  dead  hardwood 
or  conifer.  Craighead  (1923)  states 
that  a  suitable  site  for  attack  would 


be  an  old  fire  scar  or  ax  wound  where 
the  larvae  can  gain  entrance  to  the 
heartwood.  Gardiner  (1970)  has 
successfully  reared  this  species  on  a 
modified  McMorran  spnice  bud- 
worm  diet. 
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Cerambycid  Index  by  Host  Plants 


Acernegundo  (Boxelder) 

Astyleiopus  variegatus 
Hyperplatys  maculata 
Stemidius  alpha  misellus 

Acer  spp.  (Maple) 

Aegoschema  modestum 
Bellamira  scalaris 
Clytus  ruricola 
Cyrtophorus  verrucosus 
Elaphidion  mucronatum 
Elaphidionoides  villosus 
Eutetrapha  tridentata 
Neodytxis  acuminatus  acuminatxis 
Parandra  brunnea  brunnea 
Purpuricenus  humeralis 
Saperda  lateralis  lateralis 
Stemidius  alpha 

Alnus  rugosa  (Speckled  alder) 

Clytus  ruricola 
Purpuricenus  humeralis 

Amelanchier  alnifolia  (Juneberry) 

Hyperplatys  aspersuj 
Saperda  Candida  bipunctata 

Ambrosia  spp.  (Ragweed) 
Dectes  texanus  texanus 

Artemisia  spp.  (Sage) 
Crossidius  pulchellus 

Asclepias  spp.  (Milkweed) 

Tetraopes  annulatus 
Tetraopesfemoratus 
Tetraopes  tetraophthalmus 

Betula  spp.  (Birch) 

Clytus  ruricola 
Cyrtophorus  verrucosus 
Elaphidionoides  villosus 
Neoclytus  acuminatus  acuminatus 
Purpuricenus  humeralis 
Strangaliafamelica 
Typocerus  velutinus 

Cactaceae  (Cactus) 

Moneilema  annulatum. 


Caragana  arborescens  (Caragana) 

Astyleiopus  variegatus 

Celtis  spp.  (Hackberry) 

Elaphidion  mucronatum 
Elaphidionoides  villosus 
Neoclytus  acuminatus  acuminatus 

Chrysothamnus  nauseostis  (Rabbit- 
brush) 

Crossidius  coralinus 

Comus  spp.  (Dogwood) 

Elaphidion  mucronatum 
Oberea  tripunctata 
Psenocerus  supemotatvs 

Crataegus  spp.  (Hawthorn) 

Saperda  Candida  bipunctata 
Xylotrechus  convergens 

Fraxinus  pennsylvanica  (Green 
ash) 

Hyperplatys  aspersus 

Neoclytus  acuminatus  acuminatus 

Fraxinus  spp.  (Ash) 

Obrium  rufulum 
Saperda  lateralis  lateralis 
Tylonotus  bimaculatus 

Gleditsia  triacanthos  (Honeylocust) 

Astyleiopus  variegatus 

Neoclytus  acuminatus  acuminatus 

Gutierrezia  sarothrae  (Broomweed) 

Crossidius  pulchellus 

Larix  sp.  (Larch) 

Monochamus  scutellatus 
Neoclytus  muricatulus  muricatulus 

Lonicera  sp.  (Honeysuckle) 

Neoclytus  acuminatus  acuminatus 

Malus  spp.  (Apple) 

Elaphidion  mucronatum 
Elaphidionoides  parallelus 
Elaphidionoides  villosus 
Hyperplatys  aspersus 
Hyperplatys  maculata 
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Neoclytus  acuminatus  acuminatus 
Oberea  tripunctata 
Saperda  Candida  bipunctata 
Stemidius  alpha 

Ostrya  virginiana  (Ironwood) 

Clytus  ruricola 
Cyrtophorus  verrucosus 
Neoclytus  acuminatus  acuminatus 

Parthenocisstis  inserta  (Virginia 
creeper) 

Astyleiopus  variegatus 

Picea  spp.  (Spruce) 

A  rhopalus  foveicollis 
Monochamus  scutellatus 
Neoclytus  muricatulus  muricatulus 
Pogonocherus  mixtxis 

Pintts  spp.  (Pine) 

A  rhopalus  foveicollis 
Batyle  ignicollis  ignicollis 
Bellamira  scalaris 
Hyperplatys  maculata 
Monochamus  clamator  clamator 
Monochamus  maculosus 
Monochamus  scutellatus 
Monochamus  titillator 
Neoclytus  muricatulus  muricatulus 
Pogonocherus  mixtus 
Xylotrechus  undulatus 

Populus  spp.  (Poplar) 

Bellamira  scalaris 
Elaphidion  mucronatuTU 
Hyperplatys  aspersus 
Hyperplatys  maculata 
Mecas  inomata 
Oberea  tripunctata 
Parandra  brunnea  brunnea 
Plectrodera  scalator 
Saperda  calcarata 
Saperda  concolor 
Saperda  vestita 
Stenocorus  schaumi 

Populus  deltoides  (G)ttonwood) 

Astyleiopus  variegatus 
Plectrodera  scalator 

Populus  tremuloides  (Aspen) 
Oberea  qitadricallosa 
Xylotrechus  annosus  annosus 


Prunus  americana  (Wild  plum) 

Hyperplatys  aspersus 

Prunus  pensylvanica  (Pin  cherry) 

Cyrtophorus  verrucosus 
Hyperplatys  aspersus 

Prunus  mrginiana  (Chokecherry) 

Cyrtophorus  verrusosus 
Psenocerus  supemotatus 
Ropalopus  sanguinicollis 

Prunus  spp.  (Plum;  Cherry) 

Elaphidionoides  parallelus  , 

Elaphidionoides  villosus  I 

Neoclytus  acuminatus  acuminatus 
Oberea  tripunctata 
Psyrassa  unicolor 
Ropalopus  sanguinicollis 
Saperda  Candida  bipunctata 
Saperda  lateralis  lateralis 

Pyrus  spp.  (Pear) 

Cyrtophorus  verrucosus 
Elaphidion  mucronatum 
Neoclytus  acuminatus  acuminatus 
Parandra  brunnea  brunnea 
Pogonocherus  mixtus 
Prionus  imbricomis 
Saperda  Candida  bipunctata 

Quercus  spp.  (Oak) 

Batyle  suturalis  suturalis 
Clytus  ruricola 
Cyrtophorus  verrucosus 
Elaphidion  mucronatum 
Elaphidionoides  incertus 
Elaphidionoides  parallelus 
Elaphidionoides  villosus 
Enaphalodes  cortiphagus 
Megacyllene  angulifera 
Neoclytus  acuminatus  acuminatus 
Obrium  rufulum 
Parandra  brunnea  brunnea 
Prionus  imbricomis 
Psyrassa  unicolor 
Purpuricenus  humeralis 
Saperda  lateralis  lateralis 
Stemidius  alpha 
Strangalia  famelica 
Xylotrechus  colonus 
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Rhus  glabra  (Smooth  sumac) 

Stemidius  alpha 

Rhus  spp.  (Sumac) 

Elaphidion  mucronatum 
Elaphidionoides  villosus 
Hyperplatys  aspersus 
Psenocerus  supemotatus 

Ribes  spp.  (Currant) 

Oberea  tripunctata 
Psenocerus  supemotatus 

Rubus  spp.  (Raspberry) 

Oberea  basalts 
Oberea  bimaculata 

Sorbus  sp.  (Mountain-ash) 

Clytus  Turicola 
Prionus  imbricomis 
Saperda  Candida  bipunctata 

Salix  spp.  (Willow) 

Hyperplatys  aspersus 
Mecas  inomata 
Oberea  quadricallosa 
Plectrodera  scalator 
Pogonocherus  mixtus 
Pogonocherus  pannillus 
Psenocerus  supemotatus 
Saperda  calcarata 
Saperda  concolor 
Saperda  mutica 
Xylotrechus  annosus  annosus 

Syringa  spp.  (Lilac) 

Neoclytus  acuminatus  acuminatus 

Tilia  americana  (Basswood;  Linden) 

Aegoschema  modestum 
Clytus  ruricola 
Cyrtophorus  verrucosus 
Hyperplatys  maculatus 

Tilia  sp.  (Basswood;  Linden) 

Elaphidion  mucronatum 
Elaphidionoides  villosus 
Parandra  brunnea  brunnea 
Saperda  calcarata 
Saperda  lateralis  lateralis 
Saperda  vestita 


Toxicodendron  radicans  (Poisonivy) 

Astyleiopus  variegatvs 

Ulmus  americana  (American  elm) 

Anoplodera  minnesotana 
Eutetrapha  tridentata 
Neoclytus  acuminatus  acuminatus 
Parandra  brunnea  brunnea 
Physocnem.um  brevilineum 

Ulmus  pumila  (Siberian  elm) 

Hyperplatys  aspersus 

Ulmus  sp.  (Elm) 

Anoplodera  minnesotana 
Elaphidionoides  villosus 
Oberea  tripunctata 
Physocnemum  brevilineum 
Psenocerus  supemotatus 
Saperda  lateralis  lateralis 
Tylonotus  bimaculatus 
Xylotrechus  colonus 


Viburnum  spp.  (Viburnum) 

Oberea  tripunctata 

Vitis  spp.  (Grape) 

Cyrtophorus  verrucosus 
Elaphidion  mucronatum 
Elaphidionoides  parallelus 
Elaphidionoides  villosus 
Neoclytus  acuminatus  acuminatus 
Prionus  imbricomis 
Psyrassa  unicolor 

Xanthium  italicum  (Cocklebur) 

Dectes  texanus  texanus 

Yucca  spp.  (Yucca) 

Tragidion  armatum 

Soybeans 

Dectes  texanus  texanus 

Maize 

Prionus  fissicomis 
Prionus  imbricomis 

Native  grasses 
Prionus  fissicomis 
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Controlling  Frost  Heaving  of 
Ponderosa  Pine  Seedlings  in  Arizona 

L.  J.  Heidmann  and  David  B.  Thorud 


HIGHLIGHTS  AND  RECOMMENDATIONS 


Frost  heaving  is  the  result  of  the  formation 
of  ice  lenses  in  the  soil  caused  by  a  segregation  of 
the  soil  water.  Segregation  occurs  because  of 
supercooling  of  adsorbed  water  and  water  in  small 
soil  pores.  The  difference  in  freezing  points  be- 
tween free  water  and  supercooled  water  provides 
the  energy  to  draw  water  to  the  freezing  zone  and 
lift  the  soil. 

Tree  seedlings  heave  when  the  surface  layer 
of  soil  freezes  sohd  and  grips  the  stem  tightly. 
The  formation  of  ice  lenses  below  the  surface  lifts 
the  tree  and  the  frozen  soil.  When  the  soil  thaws, 
it  settles  back  into  approximately  its  original 
position,  while  the  tree  remains  extruded  on  the 
surface.  Time-lapse  photography  confirms  that 
heaving  is  usually  the  result  of  several  freeze- 
thaw  cycles. 

Frost  heaving  of  six  Arizona  soils  studied 
was  closely  related  to  bulk  density.  Heaving  in- 
creased with  compaction,  most  likely  as  the  result 
of  improved  capillary  flow.  Studies  in  the  labora- 
tory and  the  field  revealed  that  several  chemicals, 
at  rates  not  toxic  to  ponderosa  pine,  reduced 
heaving.  In  the  laboratory  tests,  calcium  chloride 
and  ferric  chloride  significantly  reduced  total 
heaving,  and  lengthened  the  time  required  to 
initiate  freezing  more  than  other  chemicals  tested. 
In  the  field,  survival  was  highest  for  tubehngs 
planted  in  plots  treated  with  gypsum,  and  for 
plug  seedlings  planted  on  plots  treated  with  cal- 
cium chloride.  Heaving  of  tubelings  and  plugs 


was  least  on  plots  treated  with  sodium  tetraphos- 
phate  and  gypsum.  Tests  of  coarse  sand  and  var- 
ious methods  of  planting  gave  mixed  results. 
Observations  in  the  field  indicated  that  heaving 
does  not  occur  until  the  soils  are  very  wet— at 
least  50  percent  moisture  content  on  an  ovendry 
weight  basis. 

Current  knowledge  indicates  several  steps 
that  can  be  taken  to  reduce  frost  heaving  damage 
when  regenerating  ponderosa  pine  from  seed. 

•  Frost  heaving  of  Arizona  soils  is  closely 
related  to  bulk  density,  therefore  measures  to 
lower  the  bulk  density  are  advised.  These  include 
plowing  and  disking  the  areas  to  be  regenerated. 
This  treatment  will  not  only  lower  the  bulk  density 
but  will  also  ehminate  competing  vegetation. 
Gypsum  may  be  added  to  the  soil  when  it  is 
plowed.  The  calcium  ion  in  the  gypsum  will  lower 
the  freezing  point  of  the  soil  water,  while  the  sul- 
fur has  a  fertilizing  effect. 

•  Freshly  burned  areas  should  be  seeded  as 
soon  after  the  burn  as  possible.  If  dead  trees  are 
left  standing  to  provide  shade,  a  more  continuous 
snow  cover  will  be  retained  throughout  the  winter. 
The  insulating  effect  from  the  snow  should  reduce 
frost  heaving  damage  considerably.  If  possible, 
burned  areas  should  be  plowed  to  reduce  the  bulk 
density,  and  also  to  break  up  the  heat-caused 
hydrophobic  soil  layer  near  the  surface. 

•  In  all  cases,  compacting  the  soil  in  regenera- 
tion areas  should  be  avoided. 


INTRODUCTION 

Frost  heaving  is  a  serious  problem  in  the 
regeneration  of  many  tree  species.  In  northern 
Arizona  it  is  a  major  cause  of  first-year  mortality 
jof  ponderosa  pine  (Pinus  ponderosa  Laws.)  seed- 
lings. Frost  heaving  destroyed  52%  of  the  seedlings 
jin  a  seedling  study  during  1  night  in  October  (Lar- 
json  1961). 

I  Despite  the  fact  that  it  is  a  serious  problem, 
frost  heaving  has  not  been  studied  intensively  by 
foresters  or  workers  in  other  allied  agricultural 
fields.  For  these  reasons,  an  intensive  study  of 
the  frost  heaving  phenomenon  was  started  in 
northern  Arizona  in  1972. 

The  study  consisted  of  several  parts.  First 
Was  an  examination  of  the  literature  pertaining 
to  frost  heaving.  Second  was  an  attempt  to  pre- 
,iict  frost  heaving  susceptibility  of  different  Ari- 
ipna  soils  by  measuring  various  soil  parameters 


in  the  field  and  the  laboratory.  Next,  experiments 
were  conducted  in  the  laboratory  and  the  field  to 
determine  if  methods  of  controlling  frost  heaving 
could  be  found.  Finally,  the  frost-heaving  phe- 
nomenon was  observed  in  the  field  with  a  time- 
lapse  camera. 


SUMMARY  OF  LITERATURE  REVIEW 

The  Uterature  review  (Heidmann  1976)  re- 
vealed that  frost  heaving  is  primarily  a  soil  sur- 
face phenomenon  resulting  from  a  segregation  of 
soil  water  that  freezes  into  layers  of  ice  variously 
referred  to  as  lenses,  needle  ice,  stalactite  ice,  or 
comb  ice  (kammeis)  (Schramm  1958).  Tree  seed- 
lings heave  because  the  surface  soil  layer  freezes 
solid  first,  and  grips  the  stem  tightly.  According 
to  Schramm  (1958),  this  occurs  because  the  soil 
particles  near  the  surface  are  coarser  than  particles 


lower  in  the  soil,  and  are  surrounded  by  larger 
pores.  Water  in  the  larger  pores  freezes  at  close 
to  0°C.  Below  the  solidly  frozen  soil  surface  layer, 
the  soil  water  segregates,  and  subsequently  freezes 
into  lenses  which  hft  the  surface  with  the  tightly 
held  seedling.  Upon  thawing,  the  tree  remains  in 
an  extruded  position  on  the  soil  surface,  while  the 
soil  recedes  to  approximately  its  original  position. 
Frost  heaving  of  seedlings  is  usually  the  result  of 
several  freeze-thaw  cycles,  although  in  theory 
only  one  is  needed. 

The  soil  water  segregates  within  the  total 
matrix  because  of  supercooling  (referred  to  as 
undercooling  in  much  of  the  literature)  of  water 
in  the  smaller  pores  and  water  adsorbed  on  soil 
particles.  The  difference  in  freezing  points  be- 
tween free  water  and  water  in  the  smaller  pores 
provides  the  free  energy  needed  to  draw  water  to 
the  freezing  front  and  to  hft  the  soU  surface. 

To  maintain  the  growth  of  clear  ice  needles 
at  a  point,  the  vertical  flow  of  water  to  the  freez- 
ing front  must  match  the  fusion  rate:  1  g  of  soil 
water  must  be  supphed  for  each  80  cal  of  heat 
(1  g  of  water  releases  80  cal  of  heat  upon  freezing) 
flowing  through  the  ice  lens  to  the  soil  surface.  If 
either  the  heat  flow  to  the  surface  becomes  too 
large  or  the  supply  of  water  becomes  limiting, 
segregation  of  the  water  will  stop  and  water  will 
freeze  in  place  in  the  soil  pores  (Outcalt  1969). 
This  type  of  freezing  is  sometimes  referred  to  as 
concrete  frost. 

Water  segregates  in  soils  that  are  permeable 
to  water  flow,  and  in  which  a  negative  pressure  or 
tension  can  be  developed.  Both  permeability  and 
negative  pressure  are  related  to  soil  pore  size, 
which  is  a  function  of  soil  particle  size  or  texture. 
A  silty  soil  is  ideally  suited  to  frost  heaving  be- 
cause the  pores  are  large  enough  for  good  permea- 
bility, but  small  enough  for  a  negative  pressure 
to  develop  (Penner  1958).  Clay  soils  may  heave 
but  not  because  of  good  permeability.  Heaving  of 
clay  soils  is  determined  to  a  large  extent  by  the 
type  of  clay  minerals,  and  the  nature  of  the  ions 
adsorbed  on  the  clay  particles. 

Frost  heaving  of  seedlings  under  1  yr  of  age 
is  more  common  than  heaving  of  transplants 
(Schramm  1958). 


SUMMARY  OF  FROST  HEAVING 
SUSCEPTIBILITY  INFORMATION 


The  first  experiments  in  the  study  were  aimed 
at  developing  a  regression  equation  for  predicting 
frost  heaving  susceptibility  of  Arizona  soils  (Heid- 
mann  1975).  Fourteen  soil  parameters  (table  1) 
were  measured  for  six  soils  collected  within  a 
40-mi  radius  of  Flagstaff.  At  each  of  the  six  loca- 
tions, sou  was  collected  from  three  depths:  0  to  2.5, 


Table  1. — Location  and  description  of  soils  used  and  parame- 
ters studied  in  frost  heaving  experiments 


Locat  ion 


Eleva- 
t  ion 


Textural 

class! f i 

cation' 


Variables  studied 
(All  soils) 


Tie  Park  (TP) 


feet 

7, 'too   Silty  clay  Bulk  density 

loam       Sand  content 

Silt  content 

Beaverhead  Flat  (BF)   3,800   Sandy  loam  Clay  content 

Montmor i 1 loni  te 

content 
Kaol ini  te  content 
S-3  West,  Ft.  Valley  7,300   Silt  loam   Vermiculite 
(S-3,W)  content 

Mica  content 
Total  calcium 
S-3  East,  Ft.  Valley  7,300   Silt  loam   Total  magnesium 


(S-3,E) 

Exchangeable 

calcium 
Exchangeable 

Watershed  l*!  (Wli)) 

7, 'too 

Si  1  ty  clay 

sod  ium 

loam 

Exchangeable 

magnes  ium 
Cation  exchange 

Kelly  Tank  (Kelly) 

7,200 

Sandy  loam 

capaci  ty 

'As  determined  by  hydrometer  method,  USDA  system. 


2.5  to  7.6,  and  7.6  to  15.2  cm.  The  heaving  char- 
acteristics of  soil  from  each  depth  were  studied  in 
a  specially  constructed  freezing  chest,  which  was 
placed  in  a  chest-type  freezer  (Heidmann  1974).  ■ 
All  of  the  14  variables  were  used  in  a  step-  f 
wise  regression  analysis  to  develop  an  equation 
for  predicting  heaving  susceptibility.  An  equation 
was  found,  however,  which  accounted  for  71%  of 
the  variation  in  heaving  (r2)  using  only  two  vari- 
ables, bulk  density  and  percent  sand.  The  equa-; 
tion  is: 


Y  =  2.52  -I-  3.67Xbd  -0.026XsanD 

where  Y  is  heaving  in  millimeters  per  day.  When 
the  bulk  density  variable  is  used  alone,  the  r^  is 
only  0.37.  Bulk  density  and  sand  have  a  correla- 
tion with  each  other  of  0.60. 

The  prediction  equation  shows  that  frost 
heaving  is  positively  correlated  with  bulk  density. 
This  fact  became  apparent  with  the  first  prelimi- 
nary attempts  to  study  frost  heaving  in  the  labo- 
ratory. Heaving  was  studied  in  polyvinylchloride 
(PVC)  cyUnders,  3.3  by  7.6  cm,  filled  with  soil  and 
placed  in  the  freezing  chest  (Heidmann  1974).  It 
was  noted  that,  for  a  particular  soil,  frost  heaving 
varied  considerably  with  the  degree  of  soil  com- 
paction. As  a  result  of  this  finding,  an  experiment 
was  conducted  to  study  the  heaving  characteristics 
of  the  six  soils  and  depths  at  minimum,  mean,  and 
maximum  bulk  densities  (Heidmann  and  Thorud 
1975).  The  results  indicated  that  compacting  the 
soil  increased  the  rate  of  frost  heaving  for  all  soils 
and  depths,  but  particularly  at  the  highest  bulk 
density. 


The  equilibrium  moisture  content  of  all  of  the 
samples  was  determined  at  the  beginning  of  the 
freezing  period.  It  was  noted  that,  for  each  soil 
depth,  the  total  weight  of  water  was  essentially 
the  same  for  all  three  densities.  This  would  seem 
to  indicate  that,  at  the  lowest  bulk  density  level, 
a  large  percentage  of  the  pores  were  filled  with 
air.  As  the  bulk  density  level  was  increased  (by 
adding  more  soil  to  the  cyhnders)  the  weight  of 
water  stayed  the  same,  which  indicates  that  the 
percentage  of  air-filled  pores  decreased.  The  most 
logical  explanation  for  increased  heaving  with 
increasing  bulk  density  is  that  capillary  flow  of 
water  is  increased  by  compaction. 

If  the  soils  in  the  study  had  contained  a  high 
proportion  of  clay,  compacting  would  most  likely 
have  reduced  heaving  because  of  reduced  permea- 
biUty.  All  of  the  soils  in  the  study,  however,  had 
moderate  amounts  of  clay  but  had  high  silt  con- 
tents. With  a  high  silt  content  it  is  probably 
not  possible  to  compact  soils  enough  to  reduce 
permeability. 


CONTROLLING  FROST  ACTION: 
OUR  EXPERIMENTAL  APPROACH 


There  are  several  ways  in  which  a  soil  can  be 
made  less  susceptible  to  frost  action.  The  first  is 
to  prevent  freezing  of  water  in  the  soil  pores.  An- 
Dther  is  to  reduce  the  permeabiUty  of  the  soil  so 
that  water  cannot  migrate  to  the  freezing  zone  at 
a  fast  enough  rate  to  produce  ice  lenses.  A  third 
method,  suggested  by  Lambe  (1956),  is  to  cement 
the  soU  particles  together  with  a  bond  strong 
snough  to  resist  the  expansive  forces  of  frost 
action.  It  is  also  possible  to  prevent  frost  heaving 
by  preventing  supercooling  of  soil  water. 

The  following  experiments  and  observations 
were  made  in  an  effort  to  find  methods  for  con- 
trolling the  heaving  of  ponderosa  pine  seedlings. 

The  first  experiments  were  conducted  with 
yarious  chemicals  reported  in  the  engineering 
literature  to  be  successful  in  reducing  frost  heav- 
ng  of  highways  and  other  structures  (Heidmann 
.976).  The  chemicals  were  studied  in  three  steps. 
The  first  step  was  to  determine  if  the  chemicals 
vere  toxic  to  ponderosa  pine  seedlings  or  inhibited 
germination.  Next,  chemicals  at  rates  not  harmful 
o  ponderosa  pine  were  tested  for  their  effective- 
ness in  preventing  frost  heaving  of  two  susceptible 
oils  in  laboratory  experiments.  The  third  step 
/as  to  field  test  the  most  promising  chemicals, 
"■he  field  experiments  also  included  control  meth- 
ds  suggested  by  previous  observation. 


Laboratory  Experiments 

Effect  of  Chemicals  of  Germination  of  Ponderosa 
Pine  Seed  (Experiment  A) 

The  first  chemical  experiment  was  conducted 
to  determine  the  effect  of  five  compounds  on  the 
germination  of  ponderosa  pine  seeds  and  subse- 
quent growth  of  seedhngs.  Number  60  (fine)  sand 
was  placed  in  styrofoam  cups,  and  chemicals  were 
mixed  into  the  sand.  Each  cup  was  randomly 
assigned  to  receive  one  of  the  following  chemical 
additives: 


Additive 

Sodium  tripolyphos- 

phate  (Tripoly)" 
Sodium  hexametaphos- 

phate  (Calgon) 
Ferric  chloride  (FeCh) 
Calcium  chloride  (CaCl2) 

Calcium  sulfate 
(Gypsum)  (CaS04) 


Mode  of  Action 

Dispersing  agent 

Dispersing  agent 

Cementing  agent 
Lowers  freezing  point 

of  water 
Lowers  freezing  point 

of  water 


The  levels  of  the  additive  were  calculated  as 
0.0,  0.1,  0.5,  and  1.0%  of  the  mass  of  the  0-  to  2.5- 
cm  depth  of  the  soil  from  Unit  S-3  of  the  Fort 
Valley  Experimental  Forest.  Larson  (1961)  found 
that  frost  heaving  at  S-3  was  a  major  cause  of 
mortality  of  ponderosa  pine  seedlings  less  than 
1  jrr  old.  The  bulk  density  was  1.00,  based  on 
preliminary  laboratory  observations. 

Each  chemical  was  added  dry  to  the  cups  and 
mixed  into  the  top  2.5  cm  of  sand.  Ten  pine  seeds 
were  covered  with  50  g  of  dry  sand,  and  distilled 
water  was  added  to  each  pot.  The  amount  of  water 
added  was  slightly  less  than  the  amount  needed 
to  saturate  the  sand.  The  cups  were  then  placed  in 
a  growth  chamber  on  April  14,  1972.  A  day  length 
of  16  h  was  used.  The  temperature  was  set  at  a 
constant  24  °C,  and  the  relative  humidity  was 
about  50%.  The  pots  were  watered  at  least  every 
other  day  with  distilled  water.  Starting  April  20, 
the  pots  were  checked  daily  for  germination  of 
seeds  until  May  19,  when  the  experiment  was 
terminated.  At  the  conclusion  of  the  experiment, 
the  total  number  and  height  of  live  seedlings  per 
pot  was  determined. 


^Several  companies  supplied  materials  used  in  the  study. 
Sodium  tripolyphosphate  was  donated  by  the  FMC  Corporation, 
New  York  City;  sodium  hexametaphosphate  was  donated  by  the 
Calgon  Corporation,  Pittsburgh,  Pa.;  and  the  Ontario  tubes  were 
provided  by  the  Micro  Plastics  Company  Limited,  Ontario,  Canada. 


Effect  of  Chemicals  on  Young  Ponderosa  Pine 
Seedlings  (Experiment  B) 

In  an  experiment  similar  to  the  preceding  one, 
the  same  chemical  treatments  and  rates  were 
tested  against  young  ponderosa  pine  seedlings. 
In  this  test,  the  chemicals  were  added  to  pots  con- 
taining at  least  five  healthy  seedlings  that  were 
4  weeks  old.  The  mean  height  of  the  seedlings  in 
each  pot  was  determined  to  the  nearest  millimeter. 
Each  chemical  was  dissolved  in  40  ml  of  distilled 
water  before  being  added  to  the  pots.  The  trees 
were  then  allowed  to  grow  for  1  mo  during  which 
time  the  pots  were  watered  periodically  with 
nutrient  solution.  At  the  conclusion  of  the  experi- 
ment the  survival  per  pot  was  recorded,  as  well 
as  the  height  of  Uve  seedlings  to  the  nearest  milli- 
meter. 


Effect  of  Sodium  Tetraphosphate  on  Ponderosa 
Pine  Germination  and  Growth  (Experiment  C) 

A  separate  experiment  testing  the  effect  of 
sodium  tetraphosphate  (Sod.  Tet.)  on  germination 
of  seeds  and  on  1 -mo-old  seedlings  was  conducted 
because  the  chemical  was  not  available  at  the  time 
the  other  two  experiments  were  run.  The  experi- 
ment was  conducted  in  the  same  manner  as  the 
other  two  experiments,  except  that  the  seeds 
used  were  collected  on  the  Sitgreaves  National 
Forest.  These  seeds  had  a  higher  germination 


percentage  (98  vs  70%)  than  those  in  the  preced- 
ing experiment,  which  were  collected  on  the  Coco- 
nino National  Forest. 


Results  of  "Effects  of  Chemicals  on  Seedlings" 
Experiments 

The  results  from  the  three  experiments  were 
similar.  The  heights  and  survival  of  seedlings  for 
all  chemicals  at  the  0.1%  concentration  were  the 
same  as  the  control  (figs.  1  and  2).  The  FeCl3  treat- 
ments at  0.5  and  1.0%,  and  CaCl2  and  tripoly  at 
1.0%,  had  no  surviving  seedlings  after  1  mo  in 
Experiment  A.  In  Experiment  B,  FeCl3  at  0.5  and 
1.0%  and  tripoly  at  0.5%  reduced  height  growth 
(P  =  .01).  Calcium  sulfate  at  all  rates  had  no  detri- 
mental effect  on  survival  and  subsequent  growth 
in  either  experiment.  Sodium  tetraphosphate  did 
not  adversely  affect  germination  or  subsequent 
survival  in  Experiment  A  (fig.  1),  but  the  1.0% 
rate  reduced  survival  and  height  growth  of  1 -mo- 
old  seedhngs  in  Experiment  B: 


Chemical 
concentrate  (%) 

Control 
0.1 
0.5 
1.0 


Survival 

(%) 

100 
100 

96 

52 


Mean  height 

(mm) 

57 
54 
52 
44 


Figure  1.— Survival  of  ponderosa  pine  seedlings  1  mo 
after  germination  in  sand  treated  with  various  chemicals. 
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Figure  2.— Heights  of  ponderosa  pine  seedlings  1  mo 
after  germination  in  sand  treated  with  various  chemicals. 
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Effects  of  Chemicals  on  Soil  Heaving 

Most  of  the  chemicals  that  did  not  significantly 
reduce  germination  and  growth  of  ponderosa  pine 
in  the  pot  experiments  were  tested  for  their  effec- 
tiveness in  reducing  the  heaving  of  two  soils  in 
laboratory  experiments.  The  soils  used  were  the 
2.5-  to  7.6-cm  depths  from  Tie  Park  and  Beaver- 
head Flat: 


Beaverhead 

Tie  Park 

Flat 

Bulk  density 

1.08 

1.79 

Sand,  % 

1 

52 

Silt,  % 

66 

34 

Clay,  % 

33 

14 

Organic  matter,  % 

1.93 

0.20 

Texture 

Silty  clay 
loam 

Sandy  loam 

Previous  experiments  indicated  that  these  two 
'soils  were  highly  susceptible  to  frost  heaving 
(Heidmann  1975).  Each  soil  was  tested  in  sepa- 
rate experiments  in  the  freezing  chest.  In  each 
experiment  the  following  treatments  were  used: 
Sod.  Tet.,  0.1%,  0.5%;  CaCl2.0.1%;  tripoly,  0.1%, 
0.5%;  FeCl3,0.1%;  CaSO4,0.1%,  0.5%,  1.0%;  X-77 
(a  wetting  agent),  0.1%,  0.5%;  and  control. 

The  amount  of  each  ovendried  soil  used  was 
that  necessary  to  duplicate  the  field  bulk  density 
when  packed  in  the  PVC  cylinders.  The  soil  samples 
were  first  placed  in  individual  glass  beakers.  The 
amount  of  chemical  needed  per  cyUnder  was  cal- 
ulated  as  0.1%,  0.5%,  and  1.0%  of  the  mass  of 


each  individual  soil.  This  amount  of  chemical  was 
added  to  the  soil  in  the  beakers  and  mixed  dry. 
The  soil-chemical  mixtures  were  packed  in  the 
PVC  cyUnders,  which  were  then  placed  in  pans  of 
water  to  soak  until  a  constant  weight  was  reached. 
Wet  weights  of  the  cylinders  were  determined  to 
the  nearest  0.1  g.  Next,  the  cylinders  were  placed 
on  paper  towels  and  allowed  to  drain  overnight, 
after  which  they  were  placed  in  an  oven  and  dried 
at  approximately  40 °C  for  24  h.  The  cylinders 
were  removed  from  the  oven  and  again  weighed 
to  the  nearest  0.1  g.  The  cylinders  were  then  placed 
back  into  their  original  beakers  and  allowed  to 
reach  a  constant  weight  once  more.  The  cylinders 
were  dried  and  rewetted  in  an  attempt  to  simu- 
late field  conditions,  and  also  to  enhfjice  the  effect 
of  FeCl3.  As  the  soil  dries,  FeCl3  cements  the  soil 
particles  together,  thus  restricting  water  move- 
ment in  the  soil.  The  cylinders  were  randomly 
assigned  locations  in  the  freezing  chest,  which 
was  then  placed  into  the  freezer,  and  freezing 
trials  were  conducted  in  the  manner  described 
previously  (Heidmann  1974). 

During  the  experiment  the  cylinders  were 
checked  every  8  h  to  determine  the  onset  of  freez- 
ing. At  the  conclusion  of  the  experiment,  the 
cyhnders  were  removed  from  the  chest,  and  heav- 
ing was  measured  to  the  nearest  miUimeter.  The 
depth  of  frozen  soil  was  also  measured  to  the 
nearest  millimeter. 

Several  chemicals  reduced  heaving  for  both 
soils  (fig.  3,  table  2).  Most  of  the  chemicals  reduced 
heaving  of  the  Beaverhead  Flat  soil.  Calcium 
chloride  and  FeCls  reduced  heaving  84%  and  81  %, 


Figure  3.— Soil  from  the  2.5-  to  7.6-cm  depth  at  Beaver- 
head Flat,  treated  with  chemical  additives  to  reduce 
frost  heaving.  From  the  left,  the  treatments  are  control; 
X-77, 0.5% ;  ferric  chloride,  0.1  % . 

respectively.  In  addition,  Sod.  Tet.,  calgon,  and 
tripoly— all  at  the  0.5%  rate— reduced  heaving 
over  50%.  Heaving  was  increased  by  X-77,  prob- 
ably because  X-77  reduces  the  surface  tension  of 
the  water,  which  results  in  better  capillary  flow  of 
soil  water  to  the  freezing  front. 

The  time  required  for  onset  of  freezing  was 
also  recorded  for  each  sample  (table  2).  Over  180  h 
elapsed  before  samples  treated  with  CaCb  and 
FeCl3  began  to  freeze,  which  far  exceeded  the 
initiation  of  freezing  in  other  samples  and  was 


approximately  four  times  the  control.  Several 
samples,  mainly  CaS04  and  X-77,  began  freezing 
before  the  control.  The  time  to  initiate  freezing 
was  negatively  correlated  with  total  heaving 
(r  =  -0.72). 

The  results  with  the  Tie  Park  soil  are  similar 
to  those  with  Beaverhead  Flat.  Most  of  the  chemi- 
cals reduced  heaving,  but  only  CaCl2  resulted  in 
a  reduction  of  over  50%  (table  2). 

Differences  in  time  to  initiate  freezing  were 
not  as  great  as  those  for  Beaverhead  Flat  (table  3). 
Samples  treated  with  CaCl2  and  FeCl3  took  82  h  to 
begin  freezing,  about  twice  as  long  as  the  control. 
Time  to  initiate  freezing  and  total  heaving  were 
again  negatively  correlated,  but  this  time  the  r 
value  was  -0.62. 

Heaving  characteristics  of  the  two  soils  ap- 
pear to  be  different.  The  control  from  Tie  Park 
heaved  12.8  mm  compared  to  21.5  mm  for  Beaver- 
head Flat.  In  another  heaving  experiment,  using 
soil  at  field  bulk  densities,  the  results  were  similar. 
In  stiU  another  experiment,  however,  in  which 
frost  heaving  of  soils  was  studied  at  different  bulk 
densities,  heaving  of  Tie  Park  soil  was  greater 
than  from  Beaverhead  Flat  (Heidmarm  andThorud 
1975).  In  all  soil  freezing  experiments  conducted, 
heaving  increased  directly  with  bulk  density. 

The  results  from  these  experiments  indicated 
that  FeCl3,  CaCl2,  and  several  other  chemicals  at 


Table   2. --Effects  of   chemicals  on   amount   of   heaving   and    time    required    for  onset   of   freezing 


Rate  of 
appl i- 

Beaverhea 

d  Flat 

Tie  P 

ark 

Treatment 

Total 

T 

me  to 

Total 

Time  to 

t  ion 

heave 

f 

reeze 

h 

eave 

freeze 

Percent 

mm 

Percent  of 
control 

Hours 

Percent  of 
aontrol 

mm 

Percent  of 
control 

Hours 

Percent  of 
control 

CaCl2 

0.1 

3.5 

-8k 

186 

+288 

5.5 

-57 

82 

+71 

FeCK 

.1 

k.O 

-81 

182 

+279 

6.5 

-hS 

82 

+71 

Sod.  Tet. 

.5 

7.5 

-65 

59 

+23 

6.5 

-kS 

(>h 

+33 

.1 

13.5 

-37 

he 

-k 

10.5 

-18 

52 

+8 

Calgon 

.5 

7.8 

-6^* 

88 

+83 

7.2 

-kk 

5'» 

+  12 

.1 

12.0 

-kk 

50 

+k 

10.1 

-22 

58 

+21 

Tripoly 

.5 

10.2 

-53 

88 

+83 

7.8 

-39 

62 

+29 

.1 

11.5 

-U7 

48 

0 

12.5 

-2 

56 

+  17 

CaSO^ 

1.0 

1'*.2 

-34 

kk 

-8 

7.0 

-^♦5 

62 

+29 

.5 

11.5 

-'47 

k2 

-12 

8.2 

-36 

60 

+25 

.1 

21.5 

0 

ko 

-17 

11.0 

-1^4 

^46 

-k 

Control 

21.5 

0 

k8 

0 

12.8 

0 

^48 

0 

X-77 

.5 

23.8 

■H  1 

kl 

-12 

16.2 

+27 

60 

+25 

.1 

21.0 

-2 

kl 

-12 

13.0 

+2 

/»8 

0 

Table  3. --Effect  of  chemicals  on  heaving  of  dowels,  plug  seedlings,  and  tubelings 

at  S-3,  Apri  1  197't 


Rate  of 

Plug 

seedl 

ings 

Tu 

bel ing 

s 

Treatment^ 

appl i- 

Dowe 1 s 

Average 

cat ion 

Live 

Dead 

All 

Live 

Dead 

All 

Peraent 

Mean 

heaving 

per  row 

(mm) 

Sod.  Tet. 

0.5 

6.0 

5.7 

5.2 

19.0 

22.7 

21  .0 

10.9 

12.9 

CaSO^ 

1.0 

5.4 

5.6 

5.9 

17.3 

18.9 

18.4 

7.4 

11.4 

Cul t  ivat  ion 

10.1 

11.2 

11  .2 

32.7 

33.7 

33.0 

19.9 

21.7 

CaCl2 

0.1 

W.h 

16.3 

11.5 

26.1 

kl.k 

37.9 

17.5 

24.0 

FeCl 

0.1 

6.8 

9.2 

8.2 

27.'* 

39.2 

30.4 

8.6 

18.5 

Control 

12.2 

19.7 

13.7 

30.1 

57.6 

44.5 

21 .0 

28.4 

Average 

8.6 

11.3 

9.3 

25.5 

36.6 

30.9 

14.2 

19.5 

■^Al  1    chemical    control    treatments    include  cultivation. 


rates  not  toxic  to  ponderosa  pine  seedlings  might 
control  heaving  of  susceptible  soils.  These  results 
were  the  basis  for  the  field  trials  to  be  discussed 
next. 


Field  Experiments 

AU  of  the  field  experiments  were  conducted 
within  a  rodentproof  exclosure  at  Unit  S-3  of  the 
Fort  Valley  Experimental  Forest.  Unit  S-3  is 
approximately  6  mi  west  of  the  Experimental 
Forest  headquarters. 


Chemical  Control  Methods,  1972 

During  the  summer  of  1972  an  experiment 
was  installed  to  field-test  chemicals  for  their  effec- 
tiveness in  controlhng  frost  heaving.  Chemicals 
used  were  those  that  did  not  inhibit  germination 
of  ponderosa  pine  seed  or  substantially  reduce 
survival  of  seedlings  in  the  laboratory  experi- 
ments. The  experiment  was  a  failure.  One  of  the 
main  causes  of  failure  may  have  been  the  unusually 
heavy  precipitation,  over  10  inches,  which  fell  on 
the  study  area  during  October.  The  normal  October 
precipitation  at  Fort  Valley  is  less  than  2  in  (fig.  4). 
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Figure  4.— Precipitation  at  Unit  S-3,  Fort  Valley  Experi- 
mental Forest,  during  1972  and  1973  compared  to  long- 
term  means. 
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The  precipitation,  mainly  in  the  form  of  rain,  may 
have  washed  a  good  portion  of  the  chemicals  from 
the  plots,  since  they  were  only  mixed  into  the  top 
2.5  cm  of  soil. 


Chemical  Control  Methods,  1973 

In  1973  an  experiment  was  installed  with  the 
following  treatments: 

1.  Control. 

2.  Cultivation. 

3.  0.1%  FeCl3  and  cultivation. 

4.  0.1%  CaCl2  and  cultivation. 

5.  0.5%  Sod.  Tet.  and  cultivation. 

6.  1.0%  CaS04  and  cultivation. 

A  piece  of  sheet  meted  10  cm  high  was  pounded 
into  the  soil  to  a  depth  of  approximately  5  cm 
along  each  plot  border,  to  prevent  washing  of 
chemicals  from  the  plots.  The  chemical  rates  were 
again  based  on  the  mass  of  the  soil.  This  time, 
however,  the  chemicals  were  applied  to  the  top 
7.6  cm  of  soil  instead  of  the  surface  2.5  cm.  The 
cultivation  treatment  was  based  on  earlier  results 
that  indicated  frost  heaving  was  directly  related 
to  the  bulk  density  of  the  soil  (Heidmann  and 
Thorud  1975).  Loosening  the  soil  lowers  its  bulk 
density. 

All  chemicals  except  FeCl3  were  apphed  to  the 
plots  dry  and  mixed  into  the  top  7.6  cm  by  cul- 
tivating the  soil  with  small  hand  rakes.  Ferric 
chloride  was  first  dissolved  in  water  and  then 
sprinkled  on  the  plot  surface.  After  allowing  the 
surface  of  the  plot  to  dry,  the  soil  was  cultivated 
in  the  same  manner  as  in  the  other  plots.  Treat- 
ments were  apphed  on  July  24,  1973. 

Each  plot  contained  three  rows,  which  were 
planted  with  five  tubeUngs,  dowels,  or  plug  seed- 
lings. 

— -^.I'lug  seedlings  were  raised  in  styrofoam  blocks. 
Plugs^vere-1-Gm  in  diameter  and  1 1  cm  deep.  The 
plug  seedling  was  pulled  from  the  block  and  planted 
with  the  accompanying  soil  medium.  Tubelings 
were  raised  in  plastic  "Ontario"  tubes  approxi- 
mately 1.2  cm  by  7.6  cm.  The  seedling  and  tube 
were  planted  together.  The  plug  seedlings  were 
about  6  mo  old  while  the  tubelings  were  approxi- 
mately 2  mo  old.  Dowels  were  simply  wood  cyUn- 
ders  3.2  mm  in  diameter  and  20.3  mm  long. 

On  September  19,  before  heaving  conditions 
developed,  all  of  the  tubehngs,  dowels,  and  plugs 
were  measured  to  determine  a  reference  point  for 
later  heaving  measurements.  The  heights  of  seed- 
lings were  measured  to  the  terminal  buds.  The 
dowels  were  measured  by  determining  the  amount 
that  each  dowel  projected  above  the  soil  surface. 
These  measurements  were  subtracted  from  later 
measurements  to  determine  amount  of  heaving. 


After  the  initial  measurements,  the  plots  were 
checked  frequently  to  determine  the  onset  of 
heaving. 

The  late  summer  and  fall  of  1973  were  dry.  It 
was  necessary  to  water  the  plots  not  only  to  insure 
there  would  be  seedUngs  alive  for  observation, 
but  to  provide  moisture  for  frost  heaving.  For 
frost  heaving  to  occur,  the  soil  must  be  close  to 
pore  saturation  (Heidmann  and  Thorud  1975). 
Soil  moisture  samples  collected  from  the  study 
area  after  repeated  watering  indicated  that  soil 
moisture  content  ranged  from  30  to  50  percent  on 
an  ovendry  weight  basis.  These  moisture  contents 
led  to  heaving,  but  not  at  rates  that  have  been 
observed  at  S-3  in  the  past.  Heaving  was  observed 
on  all  plots  on  November  7,  1973.  The  following 
few  days  little  heaving  was  noted.  On  November 
18,  over  30  cm  of  snow  fell  on  the  study  area  and 
it  was  not  possible  to  measure  heaving  again  until 
spring  1974.  The  data  analyzed  are  from  the  final 
measurements  taken  in  April  1974. 

Heaving  on  chemically  treated  plots  was  41% 
less  than  on  the  control,  and  23%  less  than  for 
cultivation  alone  (table  3).  On  CaS04  and  Sod.  Tet. 
plots,  heaving  was  reduced  60%  and  55%.  Overall, 
heaving  of  tubeUngs  was  three  times  as  great  as 
for  plug  seedlings.  Tubelings  heaved  the  least  on 
CaS04  plots. 

Survival  on  control  plots  was  not  different 
from  the  mean  of  the  other  treatments  (table  4). 
Survival  on  chemically  treated  and  cultivated 
plots  was  55%  greater  than  for  cultivation  alone 
(P  =  0.055).  The  best  survival-73%  on  plots 
treated  with  CaS04 —was  54%  better  than  the 
control.  Tubelings  on  these  plots  had  the  highest 
survival  in  the  experiment  (78%). 


Table  '4. --Surv  i  val  of  plug  seedlings  and  tube- 
lings planted  on  plots  treated  with  various 
chemicals  in  1973 


Rate  of   Plug 
Treatment     appli-    seed-   Tube- 
t  ion     1 i  ngs   1 i  ngs 


Average 




-  -  Peraent  -   -   - 

-  -  - 

CaSO^ 

1.0 

68 

78 

73.0 

Cul t ivat ion 

35 

38 

36.5 

Sod.  Tet. 

0.5 

58 

38 

^♦8.0 

FeCl 

0.1 

50 

k2 

i»6.0 

CaCl2 

0.1 

75 

kS 

60.0 

Control 

'»5 

50 

'♦7.5 

Average 

55.2 

i«8.5 

51.8 

^All  chemical  control  treatments  include 
cul t  ivat  ion. 
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Overall,  the  survival  of  plug  seedlings  and 
tubelings  was  not  impressive,  although  both 
tubelings  and  plug  seedlings  did  well  on  CaS04 
plots.  The  poor  survival  of  plug  seedlings  may  be 
because  the  seedlings  were  not  vigorous  enough. 
Subsequent  plantings  of  plugs  containing  older 
seedlings  have  given  survivals  as  high  as  95%. 


periodically  after  planting  because  of  drought 
conditions.  On  September  19,  the  heights  of  the 
seedlings  were  measured  to  the  nearest  millimeter 
to  get  a  reference  point  for  later  heaving  measure- 
ments. 

Treatments  reduced  heaving  and  improved 
survival: 


Coarse  Sand,  1972 

A  preliminary  field  experiment  in  1971  indi- 
cated that  planting  "Ontario"  tubes  in  coarse  sand 
reduced  frost  heaving.  Reduced  heaving  was  be- 
lieved due  to  the  fact  that  water  in  sand  does  not 
segregate  (Taber  1929).  Another  experiment  test- 
ing coarse  sand  as  a  method  of  controlling  heaving 
of  tubelings  was  installed  in  1972.  The  results 
from  this  experiment  indicated  no  differences  in 
heaving  between  control,  tubelings  planted  in 
holes  filled  with  sand,  or  tubelings  planted  with  a 
1.2  cm  mulch  of  sand. 


Mean  heaving 

Planting  treatment 

per  row 

Survival 

(mm) 

(%) 

Plugs: 

1.  Regular  depth 

(control) 

17.2 

7.5 

2.  Buried 

14.9 

27.5 

Tubelings: 

3.  Regular  depth 

(control) 

53.9 

12.5 

4.  Sand,  regular 

depth 

28.3 

ll.b 

5.  Buried 

37.4 

37.5 

6.  Countersunk 

24.0 

62.5 

Coarse  Sand  and  Other  Control  Methods,  1973 

In  1973,  another  experiment  testing  coarse 
sand  as  a  method  of  reducing  heaving  of  tube- 
lings was  tried  because  of  the  contradictory  results 
from  the  1971  and  1972  experiments.  In  addition, 
tubeUngs  and  plug  seedlings  were  planted  below 
the  soil  surface  in  an  attempt  to  simulate  silting. 
The  heavy  rains  in  October  of  1972  resulted  in 
many  tubes  being  silted  over.  These  tubes  did  not 
appear  to  heave. 

The  experiment  consisted  of  eight  plots  ap- 
proximately 1.0  m  by  0.9  m.  Within  each  replica- 
tion, the  following  six  treatments  were  tested: 

1.  Plug  seedlings  planted  level  with  the  soil  sur- 
face (control  for  plug  seedlings). 

2.  Plug  seedlings  planted  1.5  cm  below  the  soil 
surface,  with  the  resultant  hole  being  filled 
with  soil  as  in  Treatment  5. 

3.  Tubelings  planted  without  sand  (control  for 
tubelings). 

4.  TubeUng  planted  level  with  the  soil  surface, 
with  coarse  sand  placed  into  the  planting  hole 
as  in  preceding  studies. 

5.  Tubelings  planted  1.5  cm  below  the  soil  sur- 
face with  the  resultant  hole  filled  with  soil 
(buried). 

6.  TubeUngs  planted  as  in  Treatment  3,  but  with- 
j      out  filling  the  hole  with  soil  (countersunk). 

(  Planting  was  done  using  hardwood  dowels  to 
■make  the  planting  holes.  Within  the  plots  the 
tubelings  and  plug  seedlings  were  planted  at  a 
:Spacing  of  15  cm.  The  plots  were  hand  watered 


Highest  survival  was  77.5%  for  tubeUngs  planted 
in  coarse  sand  (4)  compared  to  12.5%  for  the  con- 
trol (3).  The  average  survival  for  plug  seedlings 
(1,2)  was  18%,  compared  to  25%  for  comparable 
tube  treatments  3  and  5.  The  overaU  survival  of 
tubeUngs  was  considerably  better  (47.5%)  than 
for  plug  seedUngs  (17.5%)  (P  =  .01). 

Plug  seedUngs  (1,2)  heaved  about  55%  less 
than  tubeUngs  (3,4,5,6).  Treatments  4  and  6 
heaved  about  50%  less  than  the  control  (3).  Sub- 
sequent experiments  confirmed  that  plug  seedUngs 
heave  far  less  than  tubeUngs.  Plug  seedlings  rarely 
heave  completely  out  of  the  ground,  while  tube- 
lings commonly  do. 


Supplemental  Instrumentation 

A  number  of  instruments  were  maintained 
on  the  study  area  at  S-3  to  record  cUmatological 
data. 

A  continuous  record  of  air  temperature  and 
humidity  10  cm  above  the  soil  surface  was  ob- 
tained with  a  Lambrecht  hygrothermograph 
located  within  a  standard  U.S.  Weather  Bureau 
instrument  shelter  from  which  the  legs  had  been 
removed.  A  maximum-minimum  thermometer 
was  also  located  within  the  shelter.  Temperatures 
1 5  and  2.5  cm  above  the  soil  surface  as  well  as  at 
and  2.5  cm  below  the  surface  were  measured 
periodicaUy  with  copper-constantan  thermocouples. 

Net  radiation  30  cm  above  the  ground  was 
monitored  continuously  during  the  frost  heaving 
period  of  1973  with  a  Kahlsico  radiation  probe 
connected  to  an  EsterUne  Angus  spring- wound 
strip-chart  recorder. 


Precipitation  was  measured  over  a  2-yr  period 
beginning  in  the  fall  of  1971  with  a  standard  U.S. 
Weather  Bureau  rain  can. 

To  more  closely  observe  and  record  the  heav- 
ing phenomenon,  time-lapse  motion  pictures  were 
taken  during  the  frost  heaving  season  in  1973. 
The  camera  used  was  a  Minolta  D-4  Autopak 
super  8  mm  with  flash  synchronization  and  an 
electronic  timer  to  regulate  the  time  interval.  The 
pictures  were  taken  at  an  interval  of  approximately 
3  min  on  high-speed  Ektachrome  film  (ASA  160). 


Supplemental  Field  Observations 

A  mild  period  in  early  December  1973  resulted 
in  melting  of  the  snow  on  several  plots  in  the  1972 
study  area,  which  was  located  adjacent  to  the 
1973  study.  Because  of  their  location,  the  plots  in 
the  1972  study  area  received  more  sunshine  than 
the  1973  plots.  As  a  result,  the  heaving  of  tubes 
was  observed  from  December  12  to  19.  The  time- 
lapse  camera  was  set  up  to  take  pictures  of  one 
row  of  eight  tubes,  which  had  already  partially 
heaved  out  of  the  ground.  The  radiometer  was  set 
up  near  the  plot,  and  maximum  and  minimum 
temperatures  were  recorded  every  day.  The  mois- 
ture content  of  the  top  2.5  and  15  cm  of  soil  was 
determined  twice  during  the  period. 

One  of  the  important  findings  (table  5)  was 
that  the  moisture  content  of  the  top  2.5  cm  of  soil 
was  over  50%  at  the  beginning  of  the  period.  The 


Table  5. --Summary  of  supplemental  field  observations  made 
December  12  to  December  19,  1973  at  S-3 


Dec. 
1973 

Net 

rad la- 

t  ion 

Temperature 
Maxi-  Mini- 
mum   mum 

Number 

of 
tubes 

Mean 
heave 

Soi 1  moisture  at 

depth  (cm)  of-- 

0-2.5  0-15.2 

Lang  leys 
per  day 

°C 

''c 

Tnni 

Percent 

12 
13 

lit 
15 

-195.09 
-59.10 
-72.98 
-86.55 

+8.3 

+8.9 

+  10.0 

-5.6 
-8.9 
-5.6 

8 
8 

3.5 

6.1 

50.7   140.7 

16 
17 
18 
19 

-31.19 

-6'..  87 

-2'(5.77 

+  12.8 

+  12.8 

+5.0 

+  10.0 

-3.3 
-k.k 

-5.0 
-12.2 

8 
8 
7 

6.1 
3.6 
5.7 
It. 8 

't8.l   39.0 

Total 
Mean 

1  -755.55 
-107. 9't 

+67.8 
+9.7 

-'45.0 
-(,.1* 

5.0 

moisture  content  of  the  top  15  cm  was  40%.  Three 
days  later  the  moisture  content  had  dropped  ap- 
proximately 2%  at  each  depth.  The  minimum 
temperature  averaged  6.7°C  (20°F).  Net  radiation 
was  negative  throughout  the  period,  ranging  from 
-31  to  -246  ly  per  day.  The  eight  tubes  heaved  an 
average  of  27  mm  during  the  period,  with  a  mean 
heave  of  4.8  mm  per  night.  The  soil  was  checked 
every  afternoon  to  determine  if  permanent  frost 


was  present.  There  was  none  until  December  20. 
On  some  mornings  the  needle  ice  layer  was  2.5  cm 
thick.  In  several  areas,  needle  ice  formed  at  the 
surface  without  a  cap  of  soil,  which  indicates  ex- 
ceptionally wet  conditions  (fig.  5)  (Outcalt  1969). 


Figure  5.— Ice  layer  approximately  2.5  cm  thick  composed 
of  needle  ice.  Note  that  needle  ice  has  formed  at  the 
surface  in  the  foreground,  indicating  that  the  soil  is 
very  wet. 


During  the  observation  period,  four  of  the  eight 
tubes  heaved  completely  out  of  the  ground. 

The  time-lapse  pictures  confirmed  that  heav- 
ing was  the  result  of  a  number  of  freeze-thaw 
cycles. 


DISCUSSION  AND  SUMMARY 

Frost  heaving  is  caused  by  segregation  of  soil 
water,  which  freezes  into  layers  of  ice.  The  lenses 
lift  the  solidly  frozen  soil  surface,  which  grips  the 
seedling  stem.  When  the  lenses  melt  the  soil  re- 
cedes, but  the  seedling  remains  extruded  on  the 
surface. 

Chemicals  that  did  not  damage  young  pon- 
derosa  pine  seedlings  or  hinder  germination  re- 
duced heaving  significantly  in  the  laboratory  and 
the  field.  Calcium  sulfate  was  the  only  chemical 
tested  that  did  not  reduce  growth  or  germinationr) 
at  all  rates.  I 

Results  from  another  study  indicated  that; 
CaS04  depressed  germination  on  a  freshly  burned 
area  (Rietveld  and  Heidmann   1976).  This  may 
have  been  the  result  of  fire-induced  water  repel 
lency  and  its  effect  on  soil  cation  exchange  ca 
pacity.  Since  water  repellency  results  from  coat  j 
ing  of  soil  particles  with  a  hydrocarbon  film  (Savagi  i 
1974),  soil  cation  exchange  capacity  would  b« 
substantially  reduced  or  eliminated.  The  effec'l 
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would  be  to  increase  the  concentration  of  the 
chemical  in  the  soil  solution  to  a  level  that  may 
have  been  high  enough  to  be  toxic  to  germinating 
seeds. 

Of  three  experiments  conducted  with  "On- 
tario" tubes  planted  in  coarse  sand,  heaving  was 
significantly  reduced  in  the  first,  while  results 
were  mixed  in  the  other  two.  The  first  experiment 
was  not  installed  until  late  in  the  fall.  The  second 
and  third  were  both  begun  in  the  summer,  allow- 
ing a  period  of  8  to  10  weeks  during  which  fine 
soil  material  could  be  washed  into  the  sand  by 
precipitation.  Casagrande  (1931)  stated  that  a 
small  amount  of  fine  material,  as  little  as  1%  to 
3%,  mixed  in  coarse  soil  such  as  a  gravel,  will 
result  in  segregation  of  water.  Enough  fine  par- 
ticles may  have  become  mixed  with  the  sand  in 
the  summer  plantings,  because  of  precipitation 
and  watering,  for  segregation  of  water  to  occur 
when  conditions  become  suitable  for  heaving. 

TubeUngs  planted  in  coarse  sand  had  a  higher 
survival  percentage  than  seedlings  in  the  other 
treatments.  Survival  may  have  been  higher  be- 
cause moisture  penetrates  the  coarse  sand  easily 
and  reaches  the  base  of  the  tube  where  the  seedling 
roots  are.  Even  small  amounts  of  precipitation 
may  penetrate  to  this  zone.  With  the  other  plant- 
ing treatments,  moisture  must  penetrate  7.6  cm 
of  fine  sou  before  reaching  the  root  zone.  In  drought 
periods,  such  as  occurred  in  1973,  this  difference 
can  be  an  important  factor. 

A  significant  finding  of  the  study  was  that 
tubes  covered  by  a  layer  of  soil  did  not  heave 
readily.  This  information,  along  with  observations 
of  dowels  in  previous  years,  indicates  that  heav- 
ing is  a  surface  phenomenon.  The  same  conclu- 
sion was  reached  by  Fahey  (1973)  after  studying 
frost  heave  cycles  at  different  soil  depths. 

The  results  from  the  tubehng  experiments 
indicate  that  planting  tubes  below  the  soil  surface 
in  coarse  sand  would  tend  to  increase  survival  and 
'  reduce  heaving.  The  plug  seedlings  do  not  appear 
;  to  heave  regardless  of  planting  method,  possibly 
'because  they  are  older  (6  mo)  and  have  a  more 
rigid  stem.  The  plug  seedlings  are  thus  capable  of 
producing  a  gap  around  the  stem  at  the  ground- 
line  (Schramm  1958).  In  addition,  plug  seedlings 
are  raised  in  a  coarser  medium  in  which  segrega- 
tion of  water  may  be  Umited.  A  complete  descrip- 
tion of  the  heaving  mechanism  is  given  by  Heid- 
mann(1976). 

!  Chemical  treatments  appeared  to  reduce  heav- 
ing in  the  field  studies,  although  observations 
were  limited  in  1973  by  climatic  factors.  Survival 
pf  seedlings  in  the  field  was  lowered  somewhat 
by  chemicals,  but  the  rates  used  were  three  times 
IS  high  as  those  used  in  the  laboratory.  Survival 
of  seedlings  on  cultivated  plots  was  low,  but  heav- 
ing was  substantially  reduced.  Why  cultivation 
should  result  in  lower  survival  is  not  clear. 


Field  observations  substantiated  that  frost 
heaving  is  a  phenomenon  that  requires  wet  soils. 
It  was  not  possible  by  hand  watering  to  initiate 
significant  heaving  in  1973.  When  sufficient  pre- 
cipitation fell  to  raise  the  moisture  content  of  the 
surface  2.5  cm  of  soil  to  50%  and  higher,  heaving 
was  rapid. 

Observations  in  the  field  indicate  that  differ- 
ences in  frost  heaving  on  plots  are  related  to  soil 
moisture  content.  Soil  moisture  in  the  top  2.5  cm 
of  soil  varied  by  as  much  as  13%  in  samples  col- 
lected within  16  cm  of  each  other.  Tubes  or  dowels 
this  distance  apart  often  heaved  at  greatly  different 
rates.  It  was  common  to  observe  two  tubes 
heaved  completely  out  of  the  ground,  while  a  tube 
between  them  had  heaved  only  a  few  miUimeters. 
The  differences  in  heaving  are  believed  to  be  due 
entirely  to  soil  moisture  content. 
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floor  underlayment)  were  made  from  ponderosa  pine  mill  and  logging 
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geometry  and  distribution  and  with  different  resin  contents  and  board 
densities  were  tested. 
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Technical  Feasibility  of  Producing  Particleboard 
from  Black  Hills  Ponderosa  Pine 

Donald  C.  Markstrom,  William  F.  Lehmann,  and  J.  Dobbin  McNatt 


INTRODUCTION 

In  recent  years,  both  private  companies  and  public 
groups  have  expressed  interest  in  particleboard  pro- 
duction in  the  Black  Hills  region  of  South  Dakota 
and  Wyoming.  Since  this  kind  of  industry  appears  to 
offer  a  needed  means  of  expanding  and  diversifying 
timber  utilization  in  the  Black  Hills,  the  U.S.  Forest 
Service  has  initiated  a  series  of  studies  to  help 
evaluate  the  feasibility  of  such  production.  The  study 
described  here  was  designed  to  identify  specific  types 
of  particleboard  that  can  meet  market  and  building 
code  requirements,  can  be  manufactured  by  existing 
or  foreseeable  processes,  and  could  utilize  locally 
available  wood  materials.  Subsequent  phases  of  the 
overall  analysis  will  include:  (1)  market  potentials, 
(2)  amounts  and  kinds  of  raw  material  available,  (3) 
required  manpower,  (4)  plant  investment  and  operat- 
ing economics,  and  (5)  economic  and  environmental 
impact  on  the  community. 

In  previous  technical  evaluations,  Barger  and 
Fleischer^  and  Wangaard  et  al.^  reported  that  boards 
manufactured  from  ponderosa  pine  with  urea  resin 
have  suitable  properties  for  floor  underlayment  and 
:ore  stock.  Also,  since  ponderosa  pine  particleboard 
is  manufactured  and  widely  marketed  for  furniture 
core  stock  and  other  uses,  it  must  be  assumed  that 
chese  boards  meet  the  technical  requirements  of  the 
crade.  However,  complete  data  on  the  wide  variety  of 
aarticleboards  that  can  potentially  be  made  from 
Donderosa  pine  were  not  available  in  the  literature. 
The  overall  objective  of  the  technical  phase  of  this 
tudy  was  therefore  to  determine  the  characteristics  of 


Barger,  Roland  L.,  and  Herbert  O.  Fleischer.  1964. 
lew  products  from  low-grade  ponderosa  pine  timber. 
'.S.  For.  Serv.  Res.  Pap.  RM-10,  54  p.  Rocky  Mt.  For. 
nd  Range  Exp.  Stn.,  Fort  Collins,  Colo. 

'^Wangaard,  F.  F.,  F.  C.  Shirley,  H.  E.  Troxell,  R.  S. 
Ihaley,  D.  E.  Eagen,  and  W.  R.  Wilcox.  1971.  Potential 
markets  for  particleboard  produced  in  the  Rocky  Moun- 
lins  -  Phase  I.  Unpublished  report,  Colorado  State 
hiv.,  Dep.  of  Forest  and  Wood  Sciences,  Tech.  Rep. 
hase  I.  Rocky  Mt.  Forest  and  Range  Exp.  Stn.  Res. 
greement  16-229-CT,  CSU  Project  No.  1473,  34  p. 


six  different  types  of  particleboard  manufactured 
from  various  combinations  of  sawmill  and  logging 
residues  to  meet  the  technical  requirements  of 
selected  end  uses.  Specitlc  objectives  were  to  deter- 
mine the  effect  of  geometry  and  distribution  of 
particles  and  type  and  amount  of  resin  on  mechanical 
and  physical  properties. 


METHODS 
Sampling  Raw  Wood 

A  total  sample  of  approximately  2,200  pounds  of 
ponderosa  pine  (Pinus  ponderosa)  sawmill  and  forest 
residues  was  drawn  at  four  sawmills  and  one  logging 
site.  All  of  the  slabs,  edgings,  fine  sawmill  residues, 
and  logging  residue  (tops)  were  sampled  from  freshly 
cut  logs  and  trees.  Planer  shavings  came  from  kiln- 
dried  lumber. 

Size  distribution  of  the  fine  sawmill  residues  was 
determined  with  standard  sieve  screens.  From  geo- 
metrical shape  and  percentage  of  residues  retained  on 
each  sieve  (tig.  1),  it  is  obvious  that  the  sawing 
method  used  affected  the  character  of  the  fine 
residues.  Sawmill  D,  with  a  higher  percentage  of 
bigger  particles,  sawed  with  both  chipping  and 
circular  headrigs;  the  other  three  mills  used  either 
circular  or  band  headrigs  with  sashgang  resaws. 

The  debarked  slabs  and  edgings  sampled  were 
similar  in  appearance  to  those  normally  found  at  any 
Black  Hills  sawmill.  The  average  specitlc  gravity  of 
these  coarse  residues  was  0.39,  ovendry-weight  and 
green-volume  basis. 

The  logging  residues  were  14  top  sections  of  trees 
harvested  from  a  multiproduct  sale.  Some  of  the  bolts 
were  more  irregular  in  shape  than  others,  and  con- 
tained large  knots  representative  of  those  from  big, 
yellow-bark  ponderosa  pine  trees  (fig.  2).  Saw-log 
trees  had  been  utilized  to  a  6-inch  top,  and  the  small 
roundwood  trees  to  about  a  3.5-inch  top.  The  tops 
had  an  average  increment  growth  of  10.3  rings  per 
inch  and  an  average  specific  gravity  of  0.40,  ovendry- 
weight  and  green-volume  basis.  The  diameter  inside 
the  bark  at  small  ends  of  bolts  ranged  from  2.6  to  5.0 
inches. 
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Figure  1.— Shape  of  planer  shavings  and  other  fine  sawnnill  residues  retained  on  each  screen  and  the  pan  for 

each  of  four  sawmills  in  the  Black  Hills,  South  Dakota. 


Figure    2.  —  Four-foot    bolts    cut    from    ponderosa    pine  logging  residues  (tops  only)  on  a  multiproduct  sale  in 

the  Black  Hills,  South  Dakota. 


Selecting  Experimental  Design  and 
Panel  Manufacture 

The  six  panel  types  selected  for  study  are  described 

j  below.    Types    1    and    2    are    interior    boards    with 

I  particle  geometry  and  distribution  and  urea  formal- 

idehyde  (UF)  binder   typical  of  most  boards  currently 

'being  marketed.  Type  3,  an  exterior  board,  is  similar 

to  type  2  except  the  binder  is  phenol  formaldehyde 

(PF).  Types  4,  5,  and  6  are  exterior  and  structural 

types.  Types  4  and  5  are  experimental  boards  that 

should  more  efficiently  utilize  available  raw  materials 

than  a  homogeneous  waferboard  as  represented  by 

type  6. 

Interior  Panel  Types — UF  Binder 

Type  1. — Homogeneous  fibrous  board  from  solid 
TOod  residues.'^ 

Type  2. — Three-layer  commodity  board,  with  faces 
>f  fine  particles  and  core  of  coarse  particles  from 
efined  shavings,  sawdust,  slabs,  edgings,  etc.^ 

A 

Includes  slabs,  edgings,  and  logging  residues  (with- 
ut  bark). 

5 

Residues  in  panels  2-5  used  in  proportions  as  in 
dual  availability  {50  percent  solid  wood,  31  percent 
awdust,  and  19  percent  shavings). 


Exterior  Panel  Types — PF  Binder 

Type  3. — Three-layer  commodity  board,  similar  to 
type  2,  except  bonded  with  PF  resin. 

Type  4. — Three-layer  flakeboard,  with  faces  of 
larger  flakes  from  solid  wood  residues  processed 
through  a  ring  tlaker,  and  core  of  small  flakes  and 
refined  shavings  and  sawdust. 

Type  5. — Three-layer  waferboard,  with  faces  of 
wafers  from  solid  wood  residues  processed  through  a 
disk  tlaker;  cores  similar  to  type  4.  Wafer  implies  a 
large,  flat  flake  0.020-0.025  inch  thick,  1.5  to  2 
inches  long,  and  of  variable  width. 

Type  6. — Homogeneous  waferboard,  with  wafers 
prepared  from  solid  wood  residues'^  processed 
through  a  disk  flaker. 


The  study  was  conducted  as  a  series  of  small 
factorial  experiments,  each  of  which  pertained  to  one 
of  the  six  panel  types.  Experimental  variables  for 
each  factorial  design  were  two  levels  of  board  density 
(40  to  45  pounds  per  cubic  foot);  two  levels  of  resin 
content  (6  and  10  percent  in  panel  types  1,  2,  and  3; 
3  and  5  percent  in  panel  types  4,  5,  and  6).  Duplicate 
panels  were  prepared  at  each  level  for  a  total  of  eight 
panels  per  type.  Thus,  a  total  of  48  panels  (six  types 
X  two  densities  x  two  resin  contents  x  two  replica- 
tions) were  prepared  in  the  study. 


The  panels  were  manufactured  generally  according 
to  standard  laboratory  procedures  as  follows: 

Panel  size: 

Rough — 1/2  by  24  by  28  inches 

Trimmed — 1/2  by  22-1/4  by  26  inches. 
Density: 

40  or  45  pounds  per  cubic  foot  (lb/in\  based  on 

ovendry  weight  and  volume  at  65  percent  relative 

humidity  (RH). 
Resin  content: 

6  or  10  percent,  types  1,  2,  and  3;  3  or  5  percent. 

types  4,   5,   and  6   (based   on   ovendry  weight   of 

wood). 
Wax  content: 

1/2  percent  in  UF  panels,  1  percent  in  PF  panels 

(based  on  ovendry  weight  of  wood). 
Catalyst: 

1  percent  in  UF  panels  only  (buffered  20  percent 

ammonium  chloride  solution). 
Mat  moisture  content: 

10  +    1/2  percent  in  UF  panels  (ovendry  basis); 

8  +  1/2  percent  in  PF  panels  (ovendry  basis). 
Press  closing  time: 

1  minute  to  thickness. 
Press  cycle: 

5  minutes  at  325"  F  for  UF  panels;  7  minutes  at 

400"  F  for  PF  panels  (high-density  panels  of  type  6 

were    pressed    10    minutes    at    300"    F    to    avoid 

blisters). 
Posttreatment: 

UF   panels  were  cooled   immediately,    PF   panels 

were  hot-stacked  overnight  in  insulated  box. 


Evaluating  Specimens 

The  following  specimens  were  cut  from  each  of  the 
48  panels  (numbers  in  brackets  indicate  the  number 
of  evaluations  for  each  panel): 

Specimen  1:  Static  bending  [2] 

Modulus  of  elasticity  (MOE). 

Modulus  of  rupture  (MOR). 
Specimen  2:  Internal  bond  [2] 

Specimen  3:  Humidity  exposure — 50-90  and  30-90 
percent  RH  [2] 

Linear  expansion. 

Thickness  swelling. 

Moisture  absorption. 
Specimen  4:  24-hour  water  soak  [2] 

Linear  expansion. 

Thickness  swelling. 

Moisture  absorption. 
Specimen  5:  Nailing  properties  [1] 

Direct  nail  withdrawal. 

Nailhead  pullthrough. 

Lateral   nail   resistance — 3/8-   and    1/2-inch   edge 

distance. 


Specimen  6:  Accelerated  aging — Panel  types  3,  4.  5, 
6  [2] 

Modulus  of  elasticity.^ 

Modulus  of  rupture.^ 

Internal  bond  strength. 
Specimen  7:  Direct  screw  withdrawal — Panel  types  I 
and  2  [2] 

Face  resistance. 

Edge  resistance. 
Specimen  8:  Hardness  \4] 

Specimens  1,  2,  5.  6,  7,  and  8  were  conditioned  to 
equilibrium  moisture  content  at  80"  F  and  65  percent 
RH  before  testing;  all  were  tested  according  to  pro- 
cedures specified  in  ASTM  D  1037-72a.^ 


RESULTS 

The  study  results  are  presented  and  interpreted  to 
compare  the  performance  of  the  test  boards  (1)  with 
each  other,  and  (2)  with  current  end-use  standards. 
The  latter  comparison  is  particularly  significant  in 
selecting  the  most  favorable  product  or  products  for 
the  Black  Hills  area.  Since  some  end  uses  do  not 
require  as  high  technical  performance  as  others,  it  is 
critical  to  economic  feasibility  to  keep  the  cost  of 
manufacturing  boards  consistent  with  the  end  use 
and  competitive  with  other  products. 

The  boards  were  also  tested  for  properties  other 
than  those  required  for  present  end  uses,  including 
some  that  may  be  required  in  revised  standards  for 
existing  end  uses  or  for  new  applications.  The  mean 
values  for  each  property,  together  with  the  pooled 
error  variance  for  each  combination  of  board  type, 
resin  content,  and  density,  are  reported  in  table  1. 
The  means  are  based  on  four  observations  except  for 
nail  withdrawal,  nailhead  pullthrough,  and  lateral 
nail  resistance  (two  observations  each),  and  hardness 
(eight  observations). 

Factorial  analyses  of  the  test  data  for  the  interior- 
type  boards  indicate  that  the  three-layer  commodity 
board  surpassed  the  homogeneous  fibrous  board  in 
modulus  of  elasticity  (MOE),  internal  bond,  hard- 
ness, and  screw  holding  on  both  edge  and  face,  but 
not  in  modulus  of  rupture  (MOR)  or  nailing  proper- 
ties. The  three-layer  commodity  board  also  had  lower 
water  absorption  and  thickness  swell,  but  higher 
linear  expansion,  than  the  homogeneous  board.  The 
analysis  also  indicates  that  the  boards  with  10  percent 
resin  had  higher  MOE,  MOR,  internal  bond,  hard- 
ness, screw  holding  on  the  edge  and  faces,  and  nail- 
ing properties  than  those  with  6  percent  resin.  Resin 


Calculations  of  values  based  on  specimen  thickness 
before  accelerated  aging  as  specified  in  CS  236-66,  SEC 
3.4.2. 

^1972  Annual  Book  of  ASTIVI  Standards.   Part  16,  D  < 
1037-72a. 
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content  also  significantly  interacted  with  board  type 
to  atTect  MOE,  MOR,  internal  bond,  linear  expan- 
sion, thickness  swell,  and  water  absorption.  Likewise, 
the  boards  of  45  density  had  higher  MOE,  MOR, 
internal  bond,  hardness,  screw  holding,  and  nailing 
properties  than  those  of  40.  Board  density  also  inter- 
acted with  board  type  to  affect  internal  bond,  screw 
holding  on  edge,  linear  expansion,  thickness  swell, 
and  water  absorption. 

Analysis  of  the  test  data  for  the  exterior-type 
boards  shows  that  both  the  three-layer  waferboard 
and  the  homogeneous  waferboard  had  a  higher  MOE 
and  MOR,  both  before  and  after  accelerated  aging, 
than  the  three-layer  flakeboard  and  the  three-layer 
commodity  board.  The  latter  type  had  the  highest 
internal  bond,  however,  both  before  and  after  accel- 
erated aging,  probably  due  to  its  higher  resin  content. 
The  waferboards  also  had  the  highest  nail-holding 
strength.  The  homogeneous  waferboard  was  hardest. 

The  most  conspicuous  results  were  the  low  internal 
bond  strength  of  the  exterior  boards  made  with  3 
percent  resin  after  accelerated  aging.  The  mean 
values  for  these  boards  ranged  from  only  5  to  10 
pounds  per  square  inch  (Ib/in^).  Values  for  the  same 
type  of  boards,  both  with  5  percent  resin,  ranged 
from  24  to  99  lb/in^ 

Analysis  shows  that  boards  made  with  5  percent 
resin  had  higher  MOR,  internal  bond,  nail  with- 
drawal, and  nailhead  pullthrough,  and  had  lower 
thickness  swell  and  linear  expansion,  than  those  with 
3  percent  resin.  MOE  was  not  significantly  affected 
by  increasing  the  resin  content.  Resin  content  also 
interacted  with  board  density  to  affect  hardness.  The 
boards  with  45  density  had  higher  MOE,  MOR, 
internal  bond,  hardness,  nail  withdrawal,  and  nail- 
head  pullthrough,  and  had  lower  thickness  swell  than 
those  with  40  density. 

After  accelerated  aging,  the  5  percent  resin  boards 
had  higher  MOE,  MOR,  and  internal  bond  than 
those  with  3  percent  resin.  Likewise,  the  45  boards 
had  higher  MOE  and  MOR  than  the  40  boards  after 
accelerated  aging.  Board  density  also  interacted  with 
board  type  to  affect  the  internal  bond. 

Tables  2  and  3  show  whether  test  properties  of 
the  different  particleboards  passed  the  standard 
requirements  for  the  particular  uses.  These  are  shown 
as  one-sided  0.99  confidence  limits,  upper  or  lower, 
depending  on  the  particular  test  property. 


Interior-Type  End  Uses 

Only  the  homogeneous  fibrous  board,  type  1,  and 
the  three-layer  commodity  board,  type  2,  both  made 
with  interior  urea  formaldehyde  resin,  were  con- 
sidered for  these  end  uses. 


Floor  Underlayment 

None  of  the  homogeneous  fibrous  boards  passed  all 
of  the  tloor  underlayment  requirements  (table  2).  The     i 
6  percent  urea,  40  combination  was  low  in  MOE, 
internal  bond,  and  screw  holding  on  both  the  face 
and  edge.  The  thickness  swell  was  especially  high  aL> 
60  percent.  The  /  percent  urea.  4b  combination  failed 
in  internal  bond,  thickness  swell,  and  screw  holding 
on  the  face.  The  10  percent  urea,  40  board  failed  in 
thickness  swelling  and  screw  holding  on  the  face.  The 
10  percent  urea,  45  board  passed  all  of  the  property 
tests  except  thickness  swell;  additional  wax  probably    j 
would  have  been  beneficial  in  this  board  type. 

All  of  the  three-layer  commodity  boards  met  the 
requirements  except  the  6  percent  urea,  40  board, 
which  failed  the  statistical  test  in  screw  holding  on 
the  face  by  only  2  pounds  (table  2).  The  mean  screw- 
holding  test  value,  however,  exceeded  the  standard 
requirement  by  51  pounds. 


Mobile  Home  Decking,  D-2  and  D-3 

None  of  the  homogeneous  fibrous  boards  had  an 
adequate  combination  of  properties  for  D-2  and  D-3 
decking.  Mainly  the  MOE  and  internal  bond  were  too 
low  and  thickness  swell  too  high  (table  2).  None  of 
the  three-layer  commodity  board  passed  all  of  the  D-3 
requirements  and  only  one — the  10  percent  urea,  45 
board — passed  all  of  the  D-2  requirements.  Mainly 
the  MOE  was  too  low. 


End  Uses  Requiring  Performance  in 
Accordance  with  CS  236-66 

Type  1-B-l. — The  property  requirements  specified 
in  the  Standard  are  the  same  as  those  for  floor  under- 
layment except  for  thickness  swell,  which  is  not 
specified  for  type  1-B-l  particleboard.  Thus  the 
results  in  table  2  and  the  discussion  of  results  for 
floor  underlayment  apply  equally  well  to  1-B-I 
particleboard  except  for  thickness  swell.  The  markets 
for  this  board  would  include  furniture,  doors,  kitchen 
cabinets,  counter  tops,  and  so  forth. 

Type  l-B-2. — The  only  homogeneous  fibrous  board 
passing  all  of  the  type  l-B-2  requirements  was  the  10 
percent  urea,  45  board.  All  other  homogeneous 
fibrous  boards  were  low  in  MOE  and  screw  holding.  . 
Internal  bond  was  also  low  for  the  6  percent  urea 
boards.  MOR  requirements  were  met  by  all  boards 
except  the  6  percent  urea,  40  combination  (table  2). 

The  only  three-layer  commodity  board  passing  all 
the  requirements  was  the  10  percent  urea,  45  board,     j 
The  others  did  not  have  adequate  MOE,  and  the  6   •( 
percent  urea,  40  board  also  lacked  adequate  MOR 
and  screw  holding  on  the  face. 


Table  2. --Test  properties  of  interior  homogeneous  fibrous  boards  and  three-layer  commodity  boards 
compared  with  the  standard  requirements  for  floor  underlayment ,  D-2  and  D-3  mobile  home  decking, 
and  Commercial  Standard  236-66  (l-B-2) 


Type  and  gog^d   Modulus  of  Modulus  of   Internal 
density  elasticity   rupture      bond 


Linear 
expans  ion 
50-90%  RH 


Thickness 
swel  1 


Screwhold  ing 
resistance 

Edge    Face 


Hardness 


lb/ ft ^ 

STANDARD  REQUIREMENT  FOR 
FLOOR  UNDERLAYMENT^ 


Ib/in^ 


Pevoent 


lb 


>:250,000   H,600 


>70 


£0.35* 


<0.063  in.   >,6o 
10^      ~ 


>225 


lb 


TYPE  1 

--INTERIOR 

HOMOGENEOUS 

FIBROUS  BOARD 

Res  in , 

k.1        '40 

'45 

229,000 
308,000 

1,705 
3,005 

28 

.22 

.15 

60 

51 

118 
160 

117 

ig'i 

\0%     ho 

-45 

305,000 
'40'4,000 

3,135 
3,695 

70 
96 

.15 
Ah 

25 

182 
239 

199  - 

2To 

TYPE  2 

--INTERIOR 

THREE-LAYER 

COMMODITY 

BOARD 

Resin, 

6%   '40 

'45 

321 ,000 
386,000 

2,265 
2,905 

109 
165 

.28 
.29 

10 
8 

226 

360 

223 
293 

10*   140 
h5 

371 ,000 
'('42,000 

2,835 
3. '485 

177 
22'4 

.25 
.28 

7 
8 

297 
390 

317 
373 

STANDARD  REQUIREMENT  FOR 
D-2  MOBILE  HOME  DECKING' 


>'400,000   ^2, '(00 


<0.30% 


TYPE  1.-- INTER  I  OR  HOMOGENEOUS  FIBROUS  BOARD 
Resin,   6% 


10* 


'40 
'45 
'40 
'45 


229,000 
308.000 

305,000 
'404  000 


1,705 
3,005 

3,135 

3,695 


28 
51 
70 
9^ 


TYPE  2. 
Res  in. 


--INTERIOR  THREE-LAYER  COMMODITY  BOARD 

b%      I4O  321  ,000    2,265       109 

1(5  386,000    2,905      165 

10*  '40  371 ,000   2,835     177 

'45  '('42,000    3, '(85       22'( 


.22 
.15 

.15 
.1'4 


.28 
.29 

.25 
.28 


60 
51 

17 


10 

"8" 


>500 


1(82 

792 

6'42 
807 


82I1 

73't 
99'* 


STANDARD  REQUIREMENT  FOR 
D-3  MOBILE  HOME  DECKING' 


>'450,000   >2,800 


£0.30* 


TYPE  1 

--INTER 

Res  i  n , 

6*  ho 
hi 

10*  ko 
'(5 

TYPE  2 

--INTER 

Resin, 

6*  ka 

'45 

10*   '4O 
'45 

INTERIOR  HOMOGENEOUS  FIBROUS  BOARD 


229,000 
308,000 


305,000 
'40'i,000 


321  000 
386,000 

371 ,000 
'4 '(2, 000 


1,705     28 
3,005           51 

.22 
.15 

60 
51 

3,135           70 

3,695       96 

.15 

25 

JMMODITY  BOARD 

2,265      109 
2,905      165 

.28 

.29 

10 

2,835       177 
3, '(85       22'( 

.25 

.28 

7 
3 

>500 


482 

792 

6'(2 

807 


l47'4 

731* 


STANDARD  REQUIREMENT  FOR 
COMMERCIAL  STANDARD  236-66 
(l-B-2) 


^'400,000   ^2,'(00 


>60 


<0.30* 


TYPE  1.-- INTERIOR  HOMOGENEOUS  FIBROUS  BOARD 


Res  in, 

(,%     '4O 
'(5 

229,000 
308,000 

1  ,705 
3,005 

28 

51 

.22 
.15 

10*   '(0 
'(5 

305,000 

'40'4,000 

3,135 
3,695 

70 
96 

.15 

.1*4 

TYPE  2 

--INTERIOR 

THREE-LAYER 

COMMODITY 

BOARD 

Resin, 

6*   '40 

45 

321 ,000 
386,000 

2,265 
2,905 

109 
165 

.28 
.29 

Res  in. 

10*  ho 
h5 

371 ,000 
'442,000 

2,835 

177 
22'4 

.25 
.28 

>225 


118 
TSo 

117 
1914 

182 

239 

199 
2I43 

226 

360 

223 

293 

297 

317 

390 

373 

'One-sided  0.99  confidence  limits,  upper  or  lower  depending  on  the  test  property,  were  compared  with 

the  standard  requirements.  The  property  values  not  passing  the  standards  are  underlined. 

^Commercial  Standard  CS  236-66;  FHA  Interim  Revision  No.  52  705-9.1,  June  1971- 
'National  Part icleboard  Association  Standard  NPA  1-71. 


Table  3- — Test  properties'  of  exterior  particle  boards  (types  3-6)  compared 
with  the  standard  requirements  for  bracing,  siding,  and  combination 
siding-sheathing,  and  with  those  for  combination  subfloor  underlayment 


Type  and   „    . 

'   .     Board 

resin    . 

densi ty 
content 


Modulus  of   Modulus  of 
elasticity   rupture 


Internal 
bond 


expans i on 
50-90*  RH 


lb/ ft* 

STANDARD  REQUIREMENT  FOR 
BRACING,  SIDING.  AND 
COMBINATION  SIDING- SHEATHING 


tb/in^ 


Percent 


>250.000   >1,800 


>65 


<0.35* 


Hardness 


lb 


>500 


TYPE  3---EXTERI0R 

THREE-LAYER 

COMMODITY  BOARD 

Resin   6*   '♦O 

338,000 

2. 1133 

129 

.19 

6'i2 

'•5 

itZCOOO 

3.113 

165 

.17 

780 

10%   ilO 

372,000 

2.853 

195 

.18 

737 

f-s 

k<ik.OOQ 

3.783 

210 

.20 

967 

TYPE  Jt. --EXTERIOR 

THREE-LAYER 

FLAKE80ARD 

Resin    3%  '*0 

337,000 

2,1 '13 

66 

.18 

553 

145 

1133,000 

2.9'i3 

100 

.16 

838 

5t      "tO 

377.000 

2,783 

153 

.12 

613 

1.5 

'(70.000 

3.603 

17'. 

.13 

833 

TYPE  5- --EXTERIOR 

THREE-LAYER 

WAFERBOARO 

Resin    3*  1*0 

'(68.000 

2,989 

70 

.\k 

512 

1.5 

6'l9,000 

'1,659 

97 

.15 

8'i7 

5*   '*0 

502.000 

3.829 

I'll 

.13 

752 

hS 

633.000 

5.159 

\i>* 

Ah 

757 

TYPE  6. --EXTERIOR 

HOMOGENEOUS 

WAFERBOARD 

Resin   3*  "tO 

581,000 

3.768 

61 

.12 

616 

Its 

609.000 

(1.168 

M 

.111 

856 

5*  ifO 

5117,000 

(1,588 

122 

.12 

896 

Its 

615,000 

'1.588 

132 

.09 

926 

STANDARD  REQUIREMENT  FOR 

COMBINATION  SUBFLOOR 

>:'(50.ooo 

>2 , 500 

>.60 

<0.35% 

>500 

UNDERLAYMENT' 

TYPE  3. --EXTERIOR 

THREE-LAYER 

COMMODITY  BOARD 

Resin  (>%     kO 

338,000 

2. '133 

129 

.19 

6I12 

kS 

'120,000 

3.133 

165 

.17 

780 

\0X     ko 

372,000 

2,853 

195 

.18 

737 

kS 

't9'i,000 

3,783 

210 

.20 

967 

TYPE  '(.--EXTERIOR 

THREE-LAYER 

FLAKEBOARD 

Resin   3*  'tO 

337,000 

2,lii3 

66 

.18 

553 

'•5 

'133,000 

2.9'i3 

100 

.16 

838 

5*  "fO 

377,000 

2,783 

153 

.12 

613 

'•5 

'170,000 

3.603 

17'i 

.13 

833 

TYPE  5. --EXTERIOR 

THREE-LAYER 

WAFERBOARD 

Resin   i%      kO 

(168, 000 

2,989 

70 

.I'l 

512 

'45 

6'i9,000 

'1.659 

97 

.15 

8'i7 

5%     'to 

502,000 

3,829 

I'll 

.13 

752 

'45 

633,000 

5,159 

\^^ 

.I'l 

757 

TYPE  6. --EXTERIOR 

HOMOGENEOUS 

WAFERBOARD 

Resin   1%      kO 

581 ,000 

3,768 

61 

.12 

616 

lis 

609,000 

'1,168 

63 

.I'l 

856 

5%  'to 

5'i7,000 

'1.588 

122 

.12 

896 

'tS 

615,000 

'1.588 

132 

.09 

926 

'Onc'^ided  0.99  confidence  limits,  upper  or  lower  depending  on  the  test 

property,  were  compared  with  the  standard  requirements.   The  property 

values  not  passing  the  standards  are  underlined. 
^FHA  Use  of  Materials,  No.  UM32,  June  1961;  Uniform  Building  Code,  1970 

edition;  and  FHA  Tech.  Circ.  No.  12. 
'fHA  Use  of  Materials,  No.  UM57,  and  National  Part icleboard  Association 

Standard  NPA  2-70. 


Exterior-Type  End  Uses 

All  the  boards  manufactured  with  exterior  phenol 
)rmaldehyde  resin  were  considered  for  these  end 
ses. 

racing,  Siding,  and 
ombination  Siding- Sheathing 

All  of  the  exterior  three-layer  commodity  boards 
cceeded  the  property  requirements  listed  in  table  3 
ir  the  above  uses.  The  internal  bonds  for  these 
jards  were  especially  high.  Likewise,  all  of  the 
iree-layer  flakeboards  and  three-layer  waferboards 
cceeded  property  requirements.  The  homogeneous 
aferboards  likewise  performed  satisfactorily,  except 
ir  the  3  percent  resin,  40  and  45  boards.  The 
itemal  bond  of  these  boards  was  low. 


ombination    Subfloor    Underlayment 
»r    Factory-Built  Modular  Housing 

The  only  three-layer  commodity  board  with  a  high 
lough  MOE  plus  adequate  values  in  other  proper- 
2S  was  the  10  percent  resin,  45  board  (table  3).  The 
lOR  for  the  6  percent  resin,  40  board  was  also  low. 

Similarly,  the  only  three-layer  flakeboard  having 
igh  enough  MOE  and  adequate  values  in  other 
roperties  for  these  end  uses  was  the  5  percent  resin, 
5  board.  The  MOR  was  also  low  for  the  3  percent 
;sin,  40  board.  All  of  the  three-layer  waferboards 
nd  the  homogeneous  waferboards  exceeded  standard 
:quirements. 


nd  Uses  Requiring  Accelerated  Aging  Test 

Some  exterior  uses  require  particleboard  to  pass 
le  accelerated  aging  test  as  specified  in  Commercial 
tandard  CS  236-66  in  addition  to  the  other  require- 
lents.  The  Standard  states  that  the  minimum  MOR 
fter  aging  should  be  not  less  than  50  percent  of  the 
riginal  minimum  average  MOR.  All  boards  passed 
le  accelerated  aging  requirement  except  three  —  the 
5  three-layer  tlakeboard  and  the  40  and  45  three- 
lyer  waferboards  with  3  percent  resin  (table  4).  The 
iternal  bond  of  these  three  boards  was  also  low  after 
tcelerated  aging. 

CONCLUSIONS 

We  made  experimental  particleboards  that  met 
andard  requirements  for  interior  uses  (floor  under- 
.yments,  D-2  mobile  home  decking,  and  coreboard) 
tid  for  exterior  uses  (bracing,  siding,  combination 
ding-sheathing,  and  combination  subfloor  under- 
yment)  from  mill  and  logging  residues  of  Black 
ills  ponderosa  pine.  The  acceptability  of  each  board 


Table   4. --Modulus   of    rupture   of   exterior   partfcle- 
board,    before   and   after   accelerated   aging^ 


Type  an 

Board 
dens  i  ty 

Modulus 

of  FL 

pture 

content 

Before 

After 

Ih/ft^ 

-  -  Ib/ft^ 

-  - 

TYPE  3. 

—  EXTERIOR 

THREE-LAYER 

COMMODITY  BOARD 

Res  in 

k%      40 
45 

2,680 
3,360 

2,040 
2,440 

10?  40 
45 

3,100 
4,030 

2,300 
3,130 

TYPE  4. 

--EXTERIOR 

THREE-LAYER 

FLAKEBOARD 

Resin 

3%  40 
45 

2,480 
3,280 

1,370 
1,570 

51     40 
45 

3,120 
3.940 

2,400 
2,990 

TYPE  5. 

—  EXTERIOR 

THREE-LAYER 

WAFERBOARD 

Res  in 

y/o    40 

45 

3,540 
5,210 

1  ,490 
2,090 

Resin 

5?  40 
45 

4,380 
5,710 

4,000 
4,500 

TYPE  6. 

—  EXTERIOR 

HOMOGENEOUS 

WAFERBOARD 

Res  in 

y/o    40 

45 

4,330 
4,730 

2,780 
3,720 

5%     40 
45 

5,150 
5,150 

4,650 
4,970 

^When    the   accelerated   aging    test    is    required,    the 
standard    states    that    the   minimum  mean   modulus 
of    rupture   of    tiie   samples    ahll    not    be    less    than 
50%   of   minimum   mean   modulus    of    rupture   of    sam- 
ples   not   exposed    to   the   aging    test.    Commercial 
Standard   CS   236-66.      The   property   values   not 
passing    the    standards    are   underlined. 


type,  resin  content,  and  board  density  combination 
for  these  uses  is  summarized  in  tables  5  and  6.  Also 
noted  in  table  5  are  the  boards  rejected  only  because 
of  thickness  swell.  Acceptability  is  based  upon 
requirements  and  performances  previously  described. 
The  three-layer  interior  commodity  board  with  6 
percent  resin  and  density  of  40  should  be  investigated 
further  for  both  floor  underlayment  and  uses  requir- 
ing type  1-B-l  performance.  The  board  passed  all 
property  requirements  for  the  two  uses  except  screw 
holding  on  the  face,  which  was  nearly  acceptable  (see 
table  2).  This  board  closely  resembles  the  typical 
commercial  "commodity"  type  board  being  mass 
produced  for  these  two  uses  in  both  raw  material  and 
other  manufacturing  characteristics. 


Table  5-~"Acceptabi ) i ty  of  interior  part icleboards  for  floor  under layment ,  D-2 
and  D-3  tnobile  home  decking,  and  other  uses  that  require  the  performance  of 
boards  1-B-l  and  l-B-2  in  Commercial  Standard  CS  236-66 


Type  and 

resin 
content 


Board 
dens  i  ty 


Floor 
under layment 


Mob  i 1 e  home 
decki  ng 


Uses  that  requ  i  re 
CSC  236-66  performance 


0-2 


D-3 


1-B-l 


l-B-2 


TYPE  1.-- INTERIOR  HOMOGENEOUS  FIBROUS  BOARD 

Resin   6^  ho 
hS 

\0%      '♦O 
h5 


Res  in 


61  ^40 
h3 

\0%     itO 
^5 


No         No 

No 

No 

No 

No         No 

No 

No 

No 

No          No 

No 

No 

No 

No^         No^ 

No 

Yes 

Yes 

ER  COMMODITY  BOARD 

No^         No 

No 

No^ 

No 

Yes         No 

No 

Yes 

No 

Yes         No 

No 

Yes 

No 

Yes        Yes 

No 

Yes 

Yes 

'Rejected  because  of  thickness  swell. 

^Failed  statistical  test  by  only  2  pounds  in  screwholding  on  face. 


Table  6. — Acceptability  of  exterior  particle- 
boards  for  bracing,  siding,  combination 
siding-sheathing,  and  for  combination  subfloor 
under layment 


Type  and   g^^^^ 

res  in    , 

dens  I ty 
content 


Bracing,  siding.   Combination 
and  combination     subfloor 
siding-sheathing  underlayment 


TYPE  3. --EXTERIOR  THREE-LAYER  COMMODITY  BOARD 

Resin   (y%      hO  Yes  No 

h3  Yes  No 


10^  ho 
hS 

TYPE  h. 

--EXTER 

Res  i  n 

31  ho 
'45 

5%  ho 
h5 

TYPE  5. 

--EXTER 

Res  in 

3%  40 
h5 

5%  '*0 
h5 

TYPE  6. 

--EXTER 

Res  in 

3%  ho 
h5 

h5 

Yes 
Yes 


Yes 
Yes 

Yes 
Yes 


No 

Yes 


No 
No 

No 
Yes 


-EXTERIOR  THREE-LAYER  WAFERBOARD 

Yes 
Yes 


Yes 
Yes 

-EXTERIOR  HOMOGENEOUS  WAFERBOARD 


Yes 
Yes 

Yes 
Yes 


No 
No 

Yes 
Yes 


Yes 
Yes 

Yes 
Yes 


It  appears  that  a  resin  content  of  3  percent  is  not 
high  enough  to  develop  adequate  internal  bonds  for 
boards  exposed  to  exterior  conditions  simulated  by 
the  accelerated  aging  test.  Boards  with  5  or  more 
percent  resin  performed  well,  however,  when  exposed 
to  accelerated  aging  (see  table  1). 

It  is  important  to  note  that  the  two  conventional 
exterior  board  types — three-layer  commodity  and 
three-layer  tlakeboard — both  performed  as  adequate- 
ly as  the  three-layer  wafei board  and  the  homogeneous 
waferboard  for  the  exterior  uses  of  bracing,  siding, 
and  combination  siding-sheathing. 

Also  of  importance  was  the  adequate  performance 
of  the  45  three-layer  tlakeboard  with  5  percent  resin 
for  combination  subtloor  underlayment  uses.  These 
conventional  boards  can  be  manufactured  with  lower 
cost  raw   material   from   large  residue  surpluses  in  i , 
most    lumber    and    ply^vood    manufacturing    areas. 
Typically,   stumpage  and    harvesting   costs   are   not 
charged   against   these   residues.    Only  the  costs  of 
handling  the  residues  and  hauling  them   from  the 
sawmill  or  plywood  plant  to  the  particleboard  plant    | 
are  charged.  By  contrast,  when  roundwood  is  used,  'l 
the  particleboard  operation  must  pay  the  total  cost  of 
stumpage,  harvesting,  hauling,  and  handling. 
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Abstract 

Solomon.  Rhey  M.,  Peter  F.  Ffolliott,  Malchus  B.  Baker,  Jr..  and  J.  R. 
Thompson. 

1976.  Computer  simulation  of  snowmelt.  USDA  For.  Serv.  Res.  Pap. 

RM-174.    8  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort  Collins, 

Colo.  80521. 

A  modification  of  a  previously  developed  computer  model  of  snow- 
melt  provides  for  modeling  intermittent  snowpacks,  and  is  believed  to  be 
a  more  generalized  model  than  the  original  program.  The  modified 
program  SNOWMELT  is  dependent  on  four  daily  input  variables, 
maximum  and  minimum  temperatures,  precipitation,  and  shortwave 
radiation  or  percent  cloud  cover.  Initializing  the  model  requires  limited 
knowledge  of  local  watershed  and  snowpack  parameters.  Model  verifica- 
tion on  seven  experimental  watersheds  in  Arizona  proved  satisfactory. 

Keywords:  Computer  models,  intermittent  snowpacks,  simulation  analy- 
sis, snowmelt. 
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Computer  Simulation  of  Snowmelt 


Rhey  M.  Solomon,  Peter  F.  Ffolliott,  Malchus  B.  Baker,  Jr.,  and  J.  R.  Thompson 


Introduction 


Program  Description 


Researchers  have  studied  snow  in  various  ways  to 
more  fully  understand  processes  involved  in  snow 
accumulation,  melt,  and  its  resultant  runoff.  To 
investigate  interrelationships  of  the  many  variables 
affecting  snowmelt  would  require  large  amounts  of 
data,  many  parameters,  and  numerous  calculations. 
To  circumvent  many  of  these  problems,  computer 
models  have  been  synthesized  that  are  designed  to 
simulate  the  melting  of  snowpacks  (Leaf  and  Brink 
1973a,  1973b;  U.S.  Army,  Corps  of  Engineers  1972). 
For  computer  models  to  be  of  practical  use,  the 
input  variables  required  for  the  models  should  be 
easily  obtained,  and  the  models  must  have  utility  for 
the  land  manager. 

Leaf  and  Brink  (1973a)  developed  a  model  (MELT- 
MOD)  intended  to  be  used  with  input  variables 
sensitive  to  vegetation  manipulations.  MELTMOD 
was  developed  for  Colorado  subalpine  forests,  with 
verification  data  collected  from  the  667-acre  Dead- 
horse  Creek  watershed  on  the  Eraser  Experimental 
Forest  (Leaf  1971,  Leaf  and  Brink  1972).  Thus,  the 
model  was  limited  in  its  scope  of  possible  melt 
regimes,  and  by  snowpack  conditions  that  might  be 
encountered  in  other  areas  of  the  country. 

MELTMOD  was  evaluated  as  a  model  for  estimat- 
ing daily  and  weekly  snowmelt  rates  for  snowpack 
conditions  found  in  the  Southwest,  and  more  specif- 
cally  as  a  tool  for  characterizing  runoff  efficiencies  of 
Imall    Arizona   watersheds    (Solomon   et   al.    1975). 
MELTMOD  was  found  to  be  unsatisfactory,  however, 
principally  because  of  three  shortcomings:   the   in- 
ability of  the  model  to  respond  quickly  to  alternate 
Freezing  and  melting  patterns  during  the  accumula- 
lion  and  melt  phases;  the  model  tended  to  keep  the 
I  nowpack  excessively  "cold"  during  the  accumulation 
jphase;  and  some  of  the  input  variables  necessary  for 
pe  model,  daily  solar  radiation  in  particular,  were 
,[ot  always  available.  Because  of  these  inadequacies  in 
hodeling  intermittent  snowpacks,  MELTMOD  was 
hodified  to  account  for  intermittent  snowpack  condi- 
ions  which  are  often  found  in  the  Southwest.  The 
iitent  of  this  modification  was  to  produce  a  general 
nowmelt  model,  applicable  to  simulating  both  con- 
nuous   and   intermittent  snowpacks.    However,    all 
psts  of  the  modified  model  to  date  have  pertained  to 
iitermittent  snowpacks,  and  no  attempt  has  yet  been 
lade   to  verify  the   new   model's   applicability   for 
mulating  continuous  snowpacks. 


Basically,  the  modified  computer  model  SNOW- 
MELT simulates:  winter  snow  accumulation;  energy 
balance;  snowpack  conditions;  and  resultant  snow- 
melt, with  a  sensitivity  to  slope,  aspect,  temperature, 
shortwave  radiation,  and  forest  cover  density. 
SNOWMELT  simulates  the  same  basic  processes  that 
were  common  to  MELTMOD:  the  segregation  of 
precipitation  into  the  snow  and  rain  components;  the 
melting  process,  including  the  energy  budget;  and 
snowpack  conditions  in  terms  of  energy  level  and  free 
water  requirements.  Modifications  of  MELTMOD 
were  necessary,  however,  to  better  simulate  the  inter- 
mittent snowpacks  common  in  Arizona.  Many  of  the 
subroutines  in  the  MELTMOD  model  have  not  been 
altered,  and  their  flow  paths  will  not  be  discussed; 
subroutines  that  have  been  eliminated,  added,  or 
modified  will  be  reviewed. ^ 

Five  alterations  of  MELTMOD  were  necessary: 
segregation  of  rain  and  snow  inputs,  synthesis  of  solar 
radiation  data,  alteration  of  snowpack  radiating 
temperature,  design  of  a  thermal  diffusion  technique, 
and  an  accounting  for  areal  extent  during  snowpack 
ablation. 

The  modified  program  SNOWMELT  is  dependent 
on  only  four  daily  input  variables:  (1)  maximum 
temperature,  (2)  minimum  temperature,  (3)  precipi- 
tation, and  (4)  shortwave  radiation  or  percent  cloud 
cover.  In  addition,  the  following  initializing  values 
are  required:  (1)  initial  snowpack  temperature,  (1)  a 
solar  radiation  transmissivity  coefficient,  (3)  forest 
cover  density,  (4)  initial  snowpack  water  equivalent, 
(5)  a  threshold  temperature  value  for  use  in  calculat- 
ing snowpack  reflectivity,  (6)  mean  slope  and  aspect 
of  the  watershed,  (7)  latitude,  (8)  an  atmospheric 
absorption  coefficient,  and  (9)  a  time  interval  for 
hour  angle  changes  in  subroutine  SOLAR.  If  daily 
solar  radiation  values  are  available,  they  are  corrected 
for  slope  and  aspect  prior  to  use  in  SNOWMELT. 
Therefore,  variables  (6),  (7),  (8),  and  (9)  are  not 
necessary  in  SOLAR,  as  they  are  only  used  in  calcu- 
lating a  daily  insolation  incident  upon  the  forest 
canopy. 


All  subroutines  have  been  programed  for  the  CDC  6400  computer 
at  the  University  of  Arizona,  Tucson. 


Segregating  Precipitation  Into 
Rain  and  Snow  Components 

Separation  of  precipitation  into  snow  and  rain 
components  is  one  of  the  first  steps  in  the  flow  of  the 
model  (tig.  1).  The  original  MELTMOD  program 
used  the  daily  minimum  temperature  as  an  index  in 
segregating  precipitation  into  snow,  rain,  or  mixed 
events.  If  the  daily  minimum  temperature  fell  below 
32" F  or  the  daily  maximum  temperature  was  less 
than  35"  F.  any  precipitation  fell  as  snow.  We  altered 
MELTMOD  guidelines  to  consider  precipitation  as 


all  snow  if  the  maximum  temperature  drops  below 
40"F  and  the  minimum  daily  temperature  never 
exceeds  35"F.  Criteria  for  mixed  snow  and  rain 
events  are  altered  only  slightly.  Precipitation  falls  as 
rain  when  the  minimum  temperature  exceeds  35"F; 
mixed  rain  and  snow  falls  when  the  minimum  tem- 
perature drops  below  35"F,  and  the  maximum  tem- 
perature exceeds  40"F.  The  mixed-event  partitioning 
is  performed  through  the  same  equation  as  used  in 
MELTMOD  (Leaf  and  Brink  1973a).  The  reasons  for 
these  changes  came  from  examination  of  winter- 
precipitation  data  from  Flagstaff,  Arizona  (Beschta 
1974). 


(  START  j 


Initialize    variables 

3: 


Determine    type  of  precip    and 
its    energy  and  mass  contributions 


Calculate    the  daily   energy    budget 


No  Determine    snowpack   temperature 

with    the  diffusion  model  (DIFTEM) 


Calculate    effects   of   energy    inputs 
on    the   snowpack 


Print    daily    results    (water  eq.,  temp,  etc.) 


(endj 


Figure  1.— General  flow  chart  for  program  SNOWMELT. 


Synthesis  of  Solar  Radiation  Data 

Lack  of  daily  solar  radiation  data  prompted  the 
incorporation  of  subroutines  SOLAR  and  CLOUD 
into  the  program  (see  appendix). 

Subroutine  SOLAR  computes  potential  daily  solar 
insolation  inputs  for  uniform  increments  of  time, 
routes  the  insolation  through  the  atmosphere,  and 
corrects  for  slope  and  aspect.  Incremental  values  are 
then  summed  to  arrive  at  total  insolation  for  a  day 
(fig.  2). 


(^SOLAR^ 


Initialize     counters    and    variables 


Compute    the  number    of  days   since  winter  solstice 


Add    on  increment    to  sun's   poth 


Calculote    opticol  path   from  zenith    angle 


Calculate    direct    beam  radiation  on  a  flat   surface 


Calculate    ratio    of  insolation    that   is  diffuse    beam 


Calculate    direct  and  diffuse    beam  accounting    for   slope 


Add    direct    end   diffuse    beam  components 


Add  the  insolation  for   this  interval   to  the  doily  accumulated   insolation 


Figure  2.  — Flow  chart  for  subroutine  SOLAR. 


In  this  subroutine,  direct  beam  solar  insolation  is 
)btained  from  equations  presented  by  Frank  and  Lee 
!l966).  These  values  are  then  routed  through  the 
Atmosphere  by  an  experimentally  determined  "extinc- 
jion"  coefficient.  For  Arizona  conditions,  this  coef- 
ficient was  found  to  be  0.13.  Diffuse-beam  solar 
nsolation  is  determined  from  knowledge  of  solar 
ptitude  and  direct-beam  solar  insolation  by  equations 
mpirically  derived  from  tables  given  by  Reifsnyder 
nd  Lull  (1965).  A  cloudless  atmosphere  is  assumed. 


Potential  daily  solar  insolation  is  calculated  every 
fifth  day,  since  changes  over  a  5-day  period  are  small. 
Once  a  method  for  determining  values  for  clear 
days  was  derived,  some  adjustment  was  necessary  for 
cloudy  days  (subroutine  CLOUD).  An  equation  pre- 
sented by  Gates  (1962),  using  mean  cloud  cover  and  a 
coefficient  dependent  on  latitude,  proved  to  be 
satisfactory: 

Q  -  0„[1  -  (l-K)C] 
where: 
Qo  =  total  energy  received  without   accounting  for 

cloud  cover; 
K    =  a  cloud  cover  parameter  which  is  a  function  of 

latitude,  given  a  value  0.38  at  30°,  0.41  at  40", 

and  0.42  at  50";  and 
C    =  average  daily  proportion  of  clouded  to  clear 

skies. 

The  cloud  coefficients  (K)  were  increased  slightly 
from  those  shown  by  Gates  because  the  equation 
tends  to  overestimate  radiation  for  days  with  consid- 
erable cloud  cover  and  underestimate  for  days  with  50 
to  70  percent  cloud  cover.  Testing  calculated  values 
against  3  months  of  Flagstaff  source  data  (January 
through  March  1974)  yielded  an  average  daily  value 
that  was  within  96  percent  of  the  actual  daily  insola- 
tion and  had  a  correlation  coefficient  of  0.87. 


Snowpack  Radiating  Temperature 


When  a  caloric  deficit  existed  in  MELTMOD  (a 
snowpack  below  0"C),  the  radiating  temperature  of 
the  snowpack  was  made  equal  to  the  average  ambient 
air  temperature  or  0"C,  whichever  was  less.  If  there 
was  no  caloric  deficit,  the  radiating  temperature  was 
made  equal  to  the  minimum  air  temperature  or  0"C, 
whichever  was  less. 

Changing  the  radiating  temperature  with  snowpack 
conditions  was  necessary  because  of  Colorado  snow- 
pack conditions.  In  Colorado,  snowpacks  normally 
increase  in  water  content  throughout  the  accumula- 
tion phase,  with  little  or  no  melting  (Leaf  and  Brink 
1973a).  Therefore,  to  keep  the  pack  "cold"  during 
the  accumulation  phase,  thermal  exchanges  were 
controlled  by  a  diffusion  model.  By  using  average 
ambient  air  temperature,  the  snowpack  remained 
below  0"C  until  the  melt  season,  at  which  time  the 
model  could  be  reinitialized  by  making  the  snowpack 
temperature  0"C.  This  is  satisfactory  for  an  area  with 
distinct  accumulation  and  melt  season,  but  where 
periods  of  melt  and  accumulation  alternate  through- 
out the  winter,  as  in  Arizona,  this  approach  is  in- 
adequate. Therefore,  the  radiating  snowpack  temper- 
ature was  altered  to  allow  only  the  minimum  air 
temperature  or  0"C,  whichever  was  less,  to  be  used  as 
the  radiating  snowpack  temperature. 


Thermal  Diffusion  Subroutine 

MELTMOD  used  a  modified  energy  budget  during 
periods  of  negative  energy  inputs.  The  routines  con- 
trolling the  use  of  the  thermal  diffusion  model, 
principally  DIFMOD,  LINK,  and  RDPACK,  were 
designed  to  control  the  snowpack  temperature  during 
the  winter  months  when  energy  losses  from  the  snow- 
pack  kept  its  temperature  below  0"C.  Additionally, 
the  DIFMOD  routine  was  only  mathematically  stable 
for  snowpacks  greater  than  4.7  inches  in  depth.  As  a 
result,  all  three  subroutines  were  discarded  and  a 
single  subroutine  (DIFTEM)  was  written  for  Arizona 
conditions.  A  How  chart  of  DIFTEM  is  shown  in 
figure  3,  and  the  subroutine  is  given  in  the  appendix. 
A  central  differencing  technique  (Carnahan  et  al. 
1969)  was  modified  and  adjusted  to  program  SNOW- 
MELT. 

In  the  forward  differencing  procedure  used  by  Leaf 
and  Brink  {1973a)  in  the  development  of  MELT- 
MOD,  the  value  of  Uj  :  is  dependent  upon   Uj  j   :  j, 

u-    j  ,,  and  U:  I  i    :  |  (fig.  4).  Only  those  values  of  u 

within  the  pyramidal  area  A  can  have  any  influence 
on  the  value  of  U:    •,  whereas  it  is  known  that  points 

in  time  earlier  than  t-  in   area   B   also  influence  the 

value  of  U:    :.    In    the    implicit    central    differencing 

method  we  use.  values  of  U:    :   are  evaluated    at    the 

advanced  point  in  time  t:_j_2  instead  oft:,  as  in  the 


r  DIFTEM^ 


Calculate    new  temperature   profiles    over  succesive   time-steps 
ttirouqtiout    o    series    of  numerical    approximations 


Establish   the   orray   of   final   pack   temperotures    to  be  used 
as   the   orray    and   calorie    deficit   for   the  next    day 


Determine    the    calorie   deficit   and    overage   pock  temp 


r^RETURN  J 

Figure  3.  — Flow  chart  for  subroutine  DIFTEM. 

forward  differencing  procedure.  This  provides  a  wider 
base  from  which  Uj   :  can  be  estimated. 


Figure  4.  — Implicit  central  differencing 
method  used  in  SNOWMELT. 
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Snowpack  Conditions 

Because  snowpack  ablation  and  areal  depletion  are 
not  uniform  throughout  a  forest,  snow  cover  becomes 
discontinuous  toward  the  end  of  the  melt  season 
(Brown  and  Dunford  1956,  Leaf  1971).  The  original 
MELTMOD  model  did  not  account  for  this  phenom- 
enon, and  as  a  result  synthesized  snowpack  ablation 
rates  were  often  excessive  near  the  end  of  the  melt 
season;  100  percent  ablation  was  indicated  before  the 
end  of  generated  runoff. 

Snowpack  water-equivalent  measurements  taken 
on  small  experimental  watersheds  in  Arizona  were 
utilized  in  determining  snowpack  cover  percent  as  a 
Function  of  mean  watershed  snowpack  water-equiva- 
lent. For  each  sampling  date,  the  number  of  sample 
points  with  no  snow  were  ratioed  to  the  total  points 
surveyed,  and  the  mean  snowpack  water-equivalents 
were  calculated  for  that  date.  Graphical  analysis  of 
the  data  revealed  that  only  snowpack  water-equiva- 
lents under  3  inches  showed  deviation  from  100  per- 
cent snow  cover.  Through  regression  analysis,  27 
snowpack  water-equivalent  measurements  were  re- 
lated to  their  corresponding  percentages  of  snow 
cover.  The  correlation  coefficient  for  the  following 
equation  was  0.93: 

percent  cover  =  31.9  (snowpack  water-equivalent) 

This  equation  is  only  used  for  snowpacks  contain- 
ing 3  inches  or  less  of  water.  Therefore,  when  the 
mean  watershed  snowpack  water-equivalent  is  below 
3  inches,  the  calculated  melt  is  reduced  by  the  per- 
centage of  area  not  covered  by  snow.  This  technique 
is  one  method  of  simulating  observations  made  by 
other  researchers  (Gary  and  Coltharp  1967,  Ffolliott 
and  Hansen  1968,  Leaf  1971). 


Beaver  Creek  watershed  17,  about  299  acres  in 
size,  is  2  miles  southeast  of  watershed  15.  Ponderosa 
pine  dominates  the  forest  overstory,  although  Gambel 
oak  and  alligator  juniper  occur  in  scattered  clumps. 
Soils  are  derived  from  volcanics;  elevations  range 
from  6,830  to  7,200  feet.  Principal  drainage  is  toward 
the  southwest. 

Heber  watersheds  1  and  2,  approximately  20  and 
28  acres,  respectively,  are  located  13  miles  southeast 
of  Heber,  Arizona.  The  primary  forest  overstory  of 
both  watersheds  is  ponderosa  pine,  with  an  intermix- 
ing of  Gambel  oak,  Douglas-fir,  and  white  fir.  Soils 
are  derived  from  alluvial  parent  materials;  elevations 
range  from  7,400  to  7,700  feet.  Annual  precipitation 
is  approximately  22  inches,  half  of  which  comes 
during  the  winter.  Both  watersheds  have  principal 
drainage  to  the  south. 

Heber  watersheds  3  and  4,  60  and  61  acres,  respec- 
tively, are  located  6  miles  south  of  Heber,  Arizona. 
Principal  forest  overstory  species  are  ponderosa  pine 
and  Gambel  oak,  with  an  intermixing  of  alligator 
juniper.  Soils  are  derived  from  sandstone  parent 
materials;  elevations  range  from  6,900  to  7,050  feet. 
Both  watersheds  drain  toward  the  north,  with  annual 
precipitation  patterns  and  amounts  similar  to  the 
Heber  watersheds  1  and  2. 

The  North  Fork  of  Thomas  Creek,  a  467-acre 
watershed,  is  located  20  miles  south  of  Alpine.  The 
mixed  conifer  forest  overstory  is  predominantly 
Douglas-fir,  white  fir,  corkbark  fir,  Engelmann 
spruce,  and  quaking  aspen  on  north  slopes,  with 
ponderosa  pine  and  Gambel  oak  on  south  slopes. 
Soils  are  derived  from  basalt  parent  materials; 
elevations  range  from  8,400  to  9,150  feet.  One  pri- 
mary stream  channel  traverses  the  watershed  from 
southwest  to  northeast.  Annual  precipitation  averages 
27  inches,  one-third  of  which  comes  during  November 
through  April. 


Model  Verification 

The  model  was  verified  by  processing  source  data 
"ollected  from  seven  experimental  watersheds  ranging 

rom  20  to  467  acres.  These  watersheds  were  located 
across  Arizona  to  obtain  an  array  of  vegetative, 
physiographic,  and  climatic  conditions  found  in  the 

jouthwest. 


i^atershed  Descriptions 

Beaver  Creek  watershed  15,  an  area  of  163  acres,  is 
)cated  approximatey  20  miles  south  of  Flagstaff.  The 
prest  overstory  is  predominantly  ponderosa  pine, 
pth  an  intermixing  of  Gambel  oak  and  alligator 
i^niper.  Soils  are  derived  from  volcanic  parent 
iiiaterials;  elevations  range  from  6,735  to  7,160  feet, 
liknnual  precipitation  averages  28  inches,  one-third  of 
fhich  comes  during  November  through  April.  Princi- 
al. drainage  is  toward  the  southeast. 


Assessment  of  SNOWMELT 


Two  input  variables  used  in  SNOWMELT — trans- 
missivity  and  forest  cover  density — were  found  to 
have  a  marked  influence  on  net  daily  energy  budgets. 
An  alteration  of  as  little  as  1  percent  in  transmissivity 
can  produce  a  change  of  0.2  inch  in  predicted  snow- 
pack water  equivalent  by  the  end  of  the  snowmelt 
season.  Values  of  forest  cover  density  also  affect  melt 
rates,  but  not  to  the  same  extent  as  transmissivity. 
Forest  cover  density  also  plays  an  important  role  in 
maintaining  a  "cold"  snowpack  during  the  seasonal 
accumulation  phase.  While  transmissivity  and  forest 
cover  density  are  the  most  important  variables  in 
simulating  the  melting  of  snowpacks,  it  should  be 
noted  that  these  are  also  the  most  difficult  variables 
to  estimate. 

The  use  of  the  new  subroutine  for  periods  of  nega- 
tive energy  links  proved   to  be  satisfactory  in   not 


permitting  the  snowpack  temperature  to  fall  below 
-5"C  for  more  than  a  1-  or  2-day  period.  It  also 
allowed  quick  recovery  of  the  snowpack  to  isothermal 
conditions  during  periods  of  positive  energy  inputs. 

DitTiculties  were  encountered  in  the  use  of  extrapo- 
lated temperature,  cloud  cover,  and  precipitation 
data  due  to  failure  of  equipment  located  near  the 
watersheds.  In  some  cases,  data  were  extrapolated 
over  50  miles.  During  some  of  these  periods,  separa- 
tion of  precipitation  into  snow  and  rain  components 
was  believed  to  have  been  inaccurate. 

It  is  difficult  to  statistically  assess  the  "goodness" 
of  any  snowmelt  prediction  in  time-series  models 
because  of  serial  dependence  within  the  model  (Chow 
1964,  Yevjevich  1972).  Therefore,  of  the  seasons 
modeled  (13  seasons  of  record  on  seven  watersheds), 
three  synthesized  snowmelt  seasons  are  graphically 
presented  in  figure  5:  (A)  a  season  of  "good"  fit 
(watershed  17,  1969);  (B)  a  season  of  "average"  fit 
(watershed  15,  1968);  and  (C)  a  season  depicting  a 
"poor"  fit  (North  Fork  of  Thomas  Creek,  1973). 
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Figure  5. — Three  seasons  of  snowmelt  synthesized  from 
program  SNOWMELT. 


Other  peculiarities  of  the  model  were  also  noted.  In 
the  initial  trials  the  North  Fork  of  Thomas  Creek  was 
modeled  as  an  entity,  but  program  SNOWMELT 
failed  to  produce  melt  patterns  corresponding  to 
measured    snowmelt    water-equivalents.    Therefore, 


because  of  its  steep  north-  and  south-facing  slopes 
the  North  Fork  of  Thomas  Creek  was  divided  into  tw( 
contributing  subwatersheds.  Each  area  was  thei 
assessed  as  if  it  were  a  separate  watershed.  By  thi 
technique,  melt  regimes  were  generated  that  passec 
"near"  points  of  observed  snowmelt  water-equivalen 
for  each  slope.  It  was  concluded  that  watershed 
having  steep  slopes  facing  north  and  south  should  b 
modeled  as  subwatersheds,  with  each  slope  assesse( 
as  a  separate  hydrologic  unit.  No  modeling  difficul 
ties  were  encountered  when  watersheds  containin: 
steep  slopes  facing  east-west  (Heber  watersheds  1  an< 
2)  were  modeled  as  one  contributing  unit. 


Conclusions 


SNOWMELT  is  believed  to  be  a  more  generalizec 
model  than  the  original  MELTMOD  program,  and  i 
appears  to  have  satisfactorily  simulated  intermitten 
snowpack  conditions  and  snowmelt  regimes.  Initializ 
ing  of  the  model  requires  only  limited  knowledge  o 
local  watershed  and  snowpack  parameters.  The  onl; 
driving  variables  required  for  SNOWMELT  are  dail; 
values  of  maximum  and  minimum  air  temperature 
precipitation,  and  cloud  cover  or  solar  radiation 
With  some  additional  refinements  (particularly  ii 
snow  density  predictions)  and  as  data  become  avail 
able  to  more  accurately  characterize  snow  covei 
densities  and  transmissivities,  SNOWMELT  can  b( 
used  over  a  wide  range  of  snowpack  regimes. 
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APPENDIX 


Subroutine  SOLAR 


THIS  SU8BDUTINE  IS  OESIGNEI,  10  COMPUTE  THE  A10UNI  OF  INCOMING 
SOLAR  BA0I4TIDN  INCIDENT  ON  A  GIVEN  SURfACE  DURING  CLEAR  SKY. 
DICTIONARY 

ABSK  -  ABSORPTION  COEFFICIENT  FOR  THE  ATMOSPHERE 
ASPECT  -  AZIMUTH  ANGLE,  DEGREES   FROM  NORTH 
COSZ  -  COSINE  OF  ZENITH  ANGLEfZl 
0  -  INCOMING  DIFFUSE  BEAM  RADIATION,  LYS/MIN 
DELH  -  CHANGE  IN  HOUR  ASGL F ( H) , M INUTES 

DRATIO  -  RATIO  OF  DIFFUSE  TO  DIRECT  BEAM  RADIATION  A 
OF  Z 

H  -  HOUR  ANGLE 
HI  -  HOURS 
H2  -  MINUTES 
OP  -  OPTICAL  PATH 

0  -  INCOMING  DIRECT  BEAM  RADIATION,  LYS/MIN 
OPOT  -  POTENTIAL  DIRECT  BEAM  RADIATION  ON  A  NORMAL  S'J 
THE  6ARTH"S  ATMOSPHERE,  lYS/MIN 
S  -  SOLAB  CONSTANT,  ^  LYS/MI«I 
SLOPE  -  SLOPE,  PERCENT 
XOEC  -  SOIAR  DECLINATION 
XLAT  -  LATITUDE,  DEGREES 
Z  -  ZENITH  ANGLE 

COHMON  ACTOATE,  ACTUAL  (?1  ),  A  VETEMCAVETEMF.BASTEMF.ENG 
COMMON  CALAIR,CAL06F,C4L0RIE.CALSN0W,C0VDEN,0ATE,DATe 
COMMON  0ENSITY,IFIRST,F0DTN0T(16),FREEUAT,ID«TE(372I, 
COMMON  K0UNT,LASTUS0, LINES, OBSWEOV.RAOIN.BAOLWN.BADSW 
COMMON  PACKTEM,PARTICE, PAST  INT. PLOTDRS,PLOTwF,FRECIP, 
COMMON  SN0MELT,S09SE0V(  372 l.SPRECIPI 3721, SPREOVl 372), 
COMMON  TOTPREC, TITLE (el >THRSHLD,TEMPMIN,TEMPMAX,TCOEF 
COMMON  XMAX.USEPOT, SLOPE, AS PECT,»LAT,OELH, ABSK, CLCOV, 
COMMON  KKPP,XLATE 

INTEGER  ACTOATE »OATE, DATE S.FOOTNOT, PAS  TINT, PLOTQBS, PL 
INTEGER  TITLE, USEMEAN.USEPOT 
DIMENSION  ZCLANI12) 

DATA  ZC LAN/0. 0,31.0.59.0, 90,0, 120.0, 151. 0,181. 0,212.0 
♦  273.0,30'i.0,33'..0/ 
PI  ■  3.1'.159265 
S  ■  2.0 

IFUKPP.NE.5)  GO  TO  902 
OELT  ■  DELH 
K  •  (  2'..«60.I/0ELH 
DELH  .  10ELH/t0.1»15./18D.»PI 
XLATE  •  XLAT 
XLAT  •  ( «LAT/180I«PI 
SLOPE  ■  ATAN(SLOPE/100) 
ASPECT  •-(ASPECT/180.)»PI 


A  FUNCTION 


RFACE  ABOVE 


BAL .HOLDCAP 
S(3).DEN 
ISNDW, ITABLE 
N, REFLECT 
PRtWEOV 
SUBTITL (81 
F,USEMEAN 
ZAT.SUM* 

OTUE. SUBTITL 


902    KKPP    •    KKPP    ♦    1 

IF <KKPP.LT.5I     GO    TO    103 

KKPP  •  0 

H   -PI 

SUMl  .0. 

SUM2  "0. 

SUMS  "0. 

IDB  -OATESC II 

»  ■  ZCLAN(IOB) 

DAY  •  DATES (21  ♦  X 

IF (DAY.GE .3551  GO  TO  11* 

DAY  >  DAY  ♦  11 

GO  TO  115 
ll",  DAT  •  DAY  -  355 
115  XDEC  ■  -.'•1015»(COS(0AY»PI/183l  I 

X3     ■    SIN( SLOPEI*COS(ASPECTI»COS( XLAT ltCOS(SLOPE l»SIN( KLATI 

X".     ■     ((  l.-X3**2)»*0.5l*CnS  (XOECI 

X5     •    ArAN((SIN(SLOPEl»SIN(ASPECTI)/(COS(SLOPEI»CDS(XLAII-SIN(SLnPE 
.l«COS(ASPECTI«SIN(XLATIII 

X6  -  X3»SIN(XDECI 

DO  100  I-l.K 

H  ■  H-DELH 

COSZ  ■  SIN(XLATI»SIN(X0ECI«C'1S(XLATI*C0S(»DEC  l»COS(H) 

IF (COSZ.LT.O. I  GO  TO  100 

Z.AC0S(C0SZ1»(180./PII 

OPOT"S»CDSZ 

IF (Z.LT.60. 1  GO  TO  10 

IF ( Z.LT.70. I  GO  TO  11 

IF (Z.LT.eO. )  60  TO  12 

IF (Z.LT.85.  I  GO  TO  13 

OP  ■  -5<)7«6.e«Z 

GO  TO  20 

10  OP  ■  l.«0.0167*Z 
GO  TO  20 

11  OP  •  -'..♦O.l'Z 
GO  TO  20 

12  OP  •  -18.*0.3«Z 
GO  TO  20 

13  OP  •  -7'i.»Z 

20  0     =aPOT»(i./(2.7ie2e»»(ABSK»OPn  I 

IF (Z.LT.30. I  GO  TO  30 
IF( Z.LT.50. I  GO  TO  31 
IF( Z.LT.70. I  GO  TO  32 
IF(Z.LT.80.)  GO  TO  33 
DRATIO  ■  -5.8»0.08»Z 
GO  TO  <>0 


30  DRtriO    • 

CO  TO  <ia 

31  ORATIO    - 
GO   TO  «a 

3?    DRATIO    • 

GO    TO    '•0 

33    OPATIO    • 

^0    0    • 


0. ia»0.000667«Z 


0. 065*0. O025»2 


-0. 135*0. 006S»Z 


50 


0  •aP0r*(l./(2,7le28**U8SK«0P))) 

OTOTtL    •    0*0 


-i.6**o.o?a«z 

0»B««TIO 
IF (SLDPE.FO.O. I     GO    TO    50 
D  .0  •( (PI-SL0P6 I/PI ) 

0P0T-S»(X'i«COS(H*X5l*X6) 
IF (OPOT.CT.O.)     GO    TO    50 
SPOT     •    0. 


SA    •    90.-2 

61  suMi  .  sun 
SUH2   •  sunz 

SU13    ■    SUf3 

100  CONTINUE 

101  CONTINUE 

suM<,  •  suca 

103  CONTINUE 

CALL  CLOUD 

RETURN 

END 


OPOT'OEIT 

0«OELT 

D'DELT 


Subroutine  CLOUD 


C  SUBROUTINE     ACCOUNTS    FOP    PERCENT    CLOUD    COVFR     IN    CONVERTING    POTENTIAL 

C  SOLAR    RADIATION    TO    A    Nf f     VALUE. 

CONHON    ACT0*TE,ACTUAI(?1),AVETEMC,AVETE"F,BASTEMF,ENGBAL,H01DCAP 
CONHON    CALAIP,CAL3£F,C4L0«IEpCALSN0W,C0VDEN,0ATE,0ATES(3),0EN 
CaflN0N0ENSITY,IfIRST,F00TNOI(16I.FRtEWAT,IDATE(3  72),ISNOW.ITA8lE 
CONNON    KOUNT.LASTUSD.L INtS, OB S WE OV,RAOIN,RAOLWN,P ads WN, REFLECT 
COdNON    »ACKTEH,PARTICF,PASTINT,PLOTOBS,PLOTWE,PRECIP.PREWEOV 
CONNON    SNOiELT,SOBSEOK372),SPRECIP(3  7?),SPREOV(3  72),SUBTITL(B) 
COMMON    T0TPREC.riTLE(f),THRSHL0.TEHPMIN,TE«Pt1A»,TC0£FF.USE«EAN 
COMMON    X  MAX, USE  POT, SLOPE, AS PECT,XLAT,0ELH,A8SK,CLCOV,2AT,SU«* 
COMMON    KKPP,XIATE 

INTEGER    ACTDATt ,0ArE,0ATFS,F0OTNOT,PASTINT,PLOTOBS.PLOTWE.SUBTlTL 
INTEGER    TI rLE,USEMEAN,USEPOT 
DIMENSION    C0LATIT17) 


C  DICTIONARY 

C  CLCOV    -    AVERAGE    CLOUD    COVER    FOR     THE     OAT 

C  COLAI    -    A    COEFFICIENT    BASED    ON    LATITUDE. 

DATA    COLATIt/.35,.3*,.38,.<.l,.<i2,.<,<,,.52/ 
"lO    ZAT    •    XLATE/IO 
DO    10    M.2,7 
IF ( ZAT.LE.M)    GO    TO    20 
10    CONTINUE 
20    N     •    M-1 

COLAT    •     (COLATITIMI-cnLATITINI l«(ZAT-NI*COLAIITIN) 
30    RADIN    •    SUM<.»(  1.0-(  I1-C0LAT)*CIC0V)  1 
RETURN 
END 


Subroutine  DIFTEM 


C       THIS  SUBROUTINE  IS  USED  IN  SIMULATING  CHANGES  IN  SNQWPACK  TEM- 

C       PERATURES  DURING  PERIODS  WHERE  A  CALORIE  DEFICIT  EXISTS. 

C       DICTIONARY 

C      DEN  -  DENSITY  OF  SNOWPACK 

C       DEPTH  -  DEPTH  OF  SNQWPACK 

C       DIFUS  -  DIFFUSIVITT  OF  THE  SNOWPACK 

C       TAU  -  TIME 

C  DTAU    -    TIME     INTERVAL 

C  FFdl    -    AN    ARRAY    USED    I  ■<    SIMULATING    SNQWPADK    TEMPERATURES    AT    DIF- 

C  FERENT    DEPTHS. 

C  TEMPK    -    NORMALIZED    MIMMUM    AIR    TEMPERATURE 

C  T<II    -    TEMPERATURES    WITHIN    THE    SNOWPACK 

COMMON    ACTDATE,ACTUAL(21),AVETEMC,AVErEMF,eASTEMF,ENGflAL,H0LOCAP 

COMMON    CALAIR,CALaEF,CALORIE,CALSNQW,COV0EN.0ATE>DATES(3),DEN 

COMMON    0ENSITY,IFIRST,F0OTN0T(16),FREewAT,IDATE(3  72),ISN0W,ITABLE 

COMMON    K  OUNT,  I  ASTUSD«lI><tS,  08  SWEOV, RADIN, R  AD  LWN.RADSWN, REFLECT 

COMMON    PACKTEM,PARTICE.P4>;TINT,PLQTOBS,PLOTWE,PRECIP.PREWEOV 

COMMON    SNOMELT»SaBSFOVI3  72),SPRECIP( 37?I,SPRE0V(3  72),SUBTITL(8) 

COMMON    TOTPPEC. TITLE (P)fTHRSHLO,TENPMIN,IEMPMAX,TCOEFF, USE  MEAN 

COMMON    XM  AX,  USE  POT, SLOPE, ASPECT,  XL  AT, DEL  H,ABSK, CLCOV, ZAT.SUMl, 

COMMON    KKPP.XLATE 

INTEGER    ACTDATE,DATE,CATES,F00TNOT,PASTINT,PL0T0BS,PL0TWE,SU8TITL 

INTEGER    TITLE, USEMEAN,USEPOT 

DIMENSION    DENNCil.FI  5CI,PETA(501,GAMMA  t50),fF(50)  ,T(  50l»D(5OI 

DATA    DENN/.25,.  30,  .35,  .<iO/ 
C  CHECK    TO    SEE     IF     DIFTEf     IS    A    CONTINUING    ESTIMATE    OF    TEMPERATURE    OF 

C  IF    IT    HAS    9EEN    REINITIALIZED. 

210    IFdFIRST)     10,20.10 

CALCULATE    SNOWPACK    DENSITY,     BASED    UN    TINE     OF    YEAR. 

IF (0ATES( 11 .LT.5)     GO    TO    30 

IF  (DATESdl  .GT.9I    GO    TO    <^0 

DEN*    .<i0 

GO    TO    50 

DEN-    .20  a 

GO  TO  50 
30  0EN.DENN(DATES( 1) ) 
C      CALCULATE  SNOWPACK  DEPTH  FROM  DENSITY 

50  DEPTH»(PREWE0V/DENI«2.5'. 
C      CALCULATE  OIFFUSIVITY 

01FUS-(0.0l  )/(  (  Z-ZSl-DENI^CiS) 
C      CALCULATE  TAU  AND  DTAU 

TAU-DIFUS»8  6<i  00 /DEPTH*  »2 

0TAU"TAU/<i8 
C  DETERMINE    THE    AVERAGE    PACK    TEMPERATURE    FROM    THE    EXISTING    CALORIE 

C  DEFICIT 

PACTEM1.(-CALDEF/(PREWE0V»1. 271 1*273 
C  SET    THE     INITIAL    TEMPERATURE     ARRAY    AT    THE    AVERAGE    PACK     TEMPERATURE 

DO    60    I>1,50 
60    FF(  II.PACTEMl 

IFIRST-1 
10    RATIO    •DTAU/('i8.0««ZI 

A.-RATIO 


20 


<.0 


6>1.0*2.0*RATIO 
C  CONVERT    MINIMUM    AIR    TEMPERATURE    TO    DEGREES    KEtVIN 

T£HPK«((AVETEMF-32.0I«.55555)*2  73 
C  NORMALIZE    EXISTING    PACK     TEMPERATURES 

IF(TEHPK.LE.27*.O.*N0.TEMPK.GE.272.Ol     TEMPK    .    272.0 
3    DO    7    I«l,50 

7  F(  I  l.(273-FF(I I )/(273-TEMPK) 
DO    •<     I-l»'.<) 

".    T(I  l-F(I) 
TAU-0.0 
C  PERFORM    CALCULATIONS    OVER    SUCCESIVE    TIME-STEPS 

5  TAU»TAU*DTAU 
IF  (TAU.6T.'.6»DTAUI    GO    TO     100 

C  SET    BOUNDARY    VALUES 

T(2I»0.0 

T(<.9)  -LO 
C  COMPUTE    RIGHT-HAND    SIDE    VECTOR    V 

DO     15     I»2,<.8 
15    0(1  l"T( II 

D(21-D(21*RATI0»T(  II 

DCiBI-DCiBHRATIOtTt^SI 
C  COMPUTE     NEW    TEMPERATURES 

C  COMPUTE     INTERMEDATE     ARRAYS    BETA    AND    GAMMA 

BETA! 21.8(21 

GAMMA(2|.D(2I/BETA(2 I 

00    6    I'3,<,e 

BETA( II.B-A»»2/eET»( I-ll 

6  GAMMA(II«(0(II-A*GAMMA(I-1II/8ETA(II 
C  COMPUTE    FINAL     SOLUTION    VECTOR    T 

T(<>8I  'GAMMAdel 
DO     11    K.l,'i6 
I-llfl-K 
11     T(II-GAMMA(I1-A»T(I*1I/8ETA(II 
DO    8     I>l,'i9 

8  F(  I  l«T( II 
GO    TO    5 

100    DO     110    I-l,'i<> 

110    FF(  Il--F(  IIK273-TEMPK  1     ♦273 
TOT-O.O 
C  ESTABLISH    AN    ARRAY    OF    FINAL    PACK    TEMPERATURES     TT    BE    USED 

C  THE    CALCULATIONS    OF     PACK    TEMPERATURES    FOR     THE    NEXT    DAY 

DO    80    I«1,MP1 
80    TOT-TaT*FF ( I  I    -273 
C  DETERMINE    THE    CALORIE    DEFICIT    AND    NEW    AVERAGE    PACK    TEMPEHATL' 

AV-TOT/MPl 

CALOEF.-AV*(PREWEOV«1.27I 
PACKTEM.AV 
IF(CAL0EF1    90,90,95 
90    PACKTFM    •    0.0 

CALDEF.    0.0 
95    RETURN 
END 
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Abstract 

Mills,  Thomas  J. 

1976.  Cost  effectiveness  of  the  1974  Forestry  Incentives  Program.  USDA  For. 
Serv.  Res.  Pap.  RM-175,  23  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort 
Collins.  Colo.  80521. 

The  Forestry  Incentives  Program  (FIP)  is  a  new  cost-sharing  program  different 
from  its  predecessors  in  that  its  primary  goal  is  the  cost-effective  production  of 
timber  rather  than  soil  and  water  conservation  in  general.  The  first-year  (1974) 
performance  of  FIP  is  analyzed  with  respect  to  four  indicators  of  cost  effectiveness: 
the  practice  and  forest  type  to  which  it  is  applied,  tract  size,  total  cost  per  acre,  and 
site  class.  The  performance  on  the  majority  of  the  acres  treated  was  good.  Four 
recommendations  are  made  which  should  minimize  specific  problems  and  further 
enhance  FIP's  ability  to  produce  timber  cost  effectively. 

Keywords:  Forest  economics,  Forestry  Incentives  Program,  farm  forestry,  invest- 
ments (timber). 
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Cost  Effectiveness  of  the 
1974  Forestry  Incentives  Program 


Thomas  J.  Mills 


HIGHLIGHTS  OF 
RESULTS  AND  RECOMMENDATIONS 


An  estimated  $8.3  million  in  Federal  cost  shares 
was  expended  in  1974  through  the  Forestry  Incentives 
Program  (FIP).  A  total  of  257,000  acres  were  treated 
with  an  average  tract  size  of  16.2  acres.  Two-thirds  of 
the  cost-share  funds  were  expended  in  the  South,  and 
roughly  half  of  the  total  acres  treated  involved  plant- 
ing southern  pines.  One-half  of  the  acres  treated  were 
in  land  ownerships  in  excess  of  200  acres;  size  of  the 
tract  treated  increased  with  the  size  of  the  ownership. 
Vendors  or  contractors  usually  installed  the  practice, 
especially  the  planting  practices. 

When  measured  by  the  four  cost-effectiveness 
indicators,  the  performance  of  1974  FIP  is  generally 
favorable.    Apparent    problem    areas    are    extensive 


enough,  however,  to  warrant  changes  in  program 
guidelines.  Four  recommendations  are  proposed. 
First,  tract  size  should  exceed  10  acres,  with  the 
possible  exception  of  treatments  of  high-quality  hard- 
woods. Second,  maximum  cost-per-acre  limits  should 
be  set  in  accordance  with  costs  that  produce  accept- 
able financial  returns — such  as  5  percent  return — and 
commensurate  with  the  availability  of  low-cost  invest- 
ments. Third,  the  reasons  for  the  rather  sizable  per- 
acre  cost  variation  should  be  determined.  Fourth,  a 
new  funding  apportionment  procedure  should  be 
developed  which  incorporates  information  on  ability 
to  deliver  the  program  and  cost  effectiveness  of  what 
was  delivered. 


INTRODUCTION 


Title  X  of  PL  93-86  authorizes  the  Secretary  of 
Agriculture  to  share  the  costs  of  forestry  practices 
with  nonindustrial,  private  forest  landowners.  The 
legislative  intent  behind  the  program  (Sikes  1973), 
subsequently  named  the  Forestry  Incentives  Program 
(FIP),  and  the  wording  of  the  act  itself  (U.S.  Con- 
gress 1973)  prescribed  several  program  goals.  Al- 
though protection  and  production  of  forest-related 
benefits  are  mentioned,  timber  production  is  the 
primary  program  goal. 

Administrative  decisions  during  the  formulative 
stages  of  FIP  also  mentioned  nontimber  goals,  such 
as  soil  conservation  and  enhancement  of  recreation 
opportunities  and  wildlife  habitat,  but  they  further 
emphasized  the  timber  production  goal.  (U.S.  Presi- 
dent 1973,  USDA  Secretary  of  Agriculture  1973, 
USDA-FS  1974,  USDA-ASCS  1974,  Mills  et  al. 
1974). 

Since  increased  timber  production  is  the  primary 
goal,  it  should  logically  be  achieved  at  the  least  cost, 
n  fact,    the    President's    (1973)   directive   when    he 


signed  the  legislation,  called  for  a  cost-effective  tim- 
ber production  program. 

The  legislation  restricts  cost-sharing  participation 
to  owners  of  less  than  500  acres  of  forest  land  unless  a 
special  waiver  is  approved  by  the  Secretary.  Participa- 
tion is  further  restricted  administratively  to  land  with 
a  potential  to  produce  in  excess  of  50  cubic  feet  of 
timber  per  acre  per  year,  and,  in  the  case  of  tree 
planting,  to  owners  who  have  not  commercially  har- 
vested timber  on  the  cost-shared  land  in  the  previous 
5  years.  The  Federal  share  of  the  cost  can  range  from 
50  to  75  percent. 

The  program  is  jointly  administered  by  three 
agencies.  The  USDA  Forest  Service  (FS)  provides 
technical  program  input  such  as  practice  specifica- 
tions and  recommendations  on  funding  apportion- 
ment procedures.  The  USDA  Agricultural  Stabiliza- 
tion and  Conservation  Service  (ASCS)  has  admin- 
istrative responsibility,  and  handles  eligibility,  waiver 
procedures,  and  payment  to  applicants.  State  forestry 
agencies  and  private  forestry  consultants  provide 
technical  assistance  to  the  landowner,  and  State  for- 
estry personnel  check  the  installed  practice  to  see  that 
it  complies  with  practice  guidelines. 


Study  Objectives 


Overall  FIP  Evaluation 


This  study  had  two  objectives.  The  first  was  to 
provide  a  fairly  detailed  description  of  the  expendi- 
ture and  practice  composition  of  1974  FIP.  Account- 
ing data  usually  compiled  for  such  programs  contain 
little  information  about  the  distribution  of  acres 
treated  by  detailed  practice  categories,  for  example; 
yet  such  information  is  basic  to  an  understanding  of 
program  accomplishments.  The  1974  program  com- 
position is  described  under  "Cost  Effectiveness  of 
Major  Program  Components." 

The  second  study  objective  was  to  provide  a  first- 
stage  estimate  of  1974  FIP's  performance  in  produc- 
ing timber  cost  effectively.  Past  studies  have  identi- 
fied the  type  of  timber  investments  that  are  financially 
desirable  versus  those  that  are  not.  FIP's  cost  effec- 
tiveness in  providing  timber  production  was  evaluated 
by  comparing  the  type  of  investments  made  with  what 
is  already  known  about  investment  profitability.  Four 
cost-effectiveness  indicators  were  used:  the  practice 
and  forest  type  to  which  it  was  applied,  tract  size, 
site  class,  and  per-acre  cost. 

This  tirst-stage  performance  evaluation  should 
identify  any  problem  areas  extensive  enough  to 
warrant  guidelines  or  regulations  similar  to  the  one 
for  site  class.  Possible  program  structure  modifica- 
tions are  discussed  under  "Conclusions  and  Recom- 
mendations." 

The  data  base  developed  to  meet  these  two  objec- 
tives consist  of  15  items  on  each  individual  tract 
treated.  A  tract  is  defined  as  the  contiguous  acreage 
held  by  one  participant  where  the  same  dominant 
practice  was  applied.  This  makes  the  investment, 
instead  of  the  participant,  the  unit  of  observation. 
The  detailed  information  on  the  first-stage  analysis 
provides  cost-effectiveness  indicators  for  each  tract. 

ASCS  helped  design  the  data  request,  and  the 
ASCS  county  offices,  in  cooperation  with  the  State 
service  foresters,  reported  the  data.  Because  the 
program  was  started  late  in  1974,  a  "substantial 
completion"  rule  was  permitted  for  cases  not  com- 
plete as  of  December  31,  1974.  Tables  in  this  Paper 
show  the  program  data  as  of  July  1,  1975,  for  both 
completed  and  "substantially  completed"  cases.  At 
that  time,  treatments  on  88  percent  of  the  acres  for 
which  1974  funds  were  obligated  were  completed; 
treatments  on  the  remaining  12  percent  were  "sub- 
stantially completed." 

There  was  some  hesitation  in  selecting  the  first 
year  of  the  program  for  evaluation.  The  program  was 
started  late  and  attempted  to  deliver  a  large  appropri- 
ation through  a  funnel  of  three  cooperating  agencies. 
The  Presidential  requests  for  funding  rescission  in 
1975  and  1976,  however,  made  the  timetable  for  any 
"typical  year"  questionable.  Since  an  early  evaluation 
was  needed,  and  since  program  structures  tend  to 
become  fixed  over  time,  the  first  year  was  selected  for 
evaluation  in  spite  of  any  anomalies  it  might  contain. 


This  study  covers  only  the  first  stage  of  the  FIP 
evaluation.  Although  it  provides  a  valuable,  quick 
description  of  program  composition  and  measures 
performance  against  four  cost-effectiveness  indica- 
tors, other  performance  information  needs  are:  esti- 
mates of  the  increased  timber  production  resulting 
from  the  FIP  investments,  estimates  of  their  financial 
return,  and  estimates  of  whether  the  practices  were 
successfully  installed.  The  second-stage  evaluation 
that  is  currently  planned  will  provide  this  information 
through  detailed  examination  of  a  sample  of  the  1974 
FIP  tracts. 

Important  assumptions  must  be  made  in  the 
second-stage  evaluation  concerning  the  application  of 
intermediate  treatments  and  retention  of  the  practice 
until  financial  maturity.  Limited  past  studies  indicate 
that  such  assumptions  may  be  weak.  Therefore,  the 
third-stage  evaluation  that  is  planned  will  involve 
long-term  monitoring  of  a  sample  of  the  1974  FIP 
cases.  This  monitoring  may  result  in  adjustments  of 
the  second-stage  results,  and  will  document  the 
incidence  and  amount  of  poor  foUowthrough  on  cost- 
shared  practices.  It  may  also  lead  to  recommenda- 
tions as  to  where  followup  assistance  is  most  crucial 
or,  alternatively,  where  initial  practice  cost-sharing 
should  be  avoided  in  the  future. 


Related  Studies 


I 


There  have  been  several  case  studies  of  related 
public  cost-share  programs.  Manthy  (1970)  analyzed 
Agricultural  Conservation  Program  (ACP)  forestry 
practices  in  selected  counties  in  Pennsylvania.  The 
average  tract  size  of  timber  stand  improvement 
investments  in  that  study  was  only  10  acres;  planta- 
tions averaged  less  than  8  acres  and  often  contained 
more  than  one  species.  Mendel  (1967)  conducted  a 
similar  study  of  ACP  investments  in  southeastern 
Ohio.  While  the  average  timber  stand  improvement 
was  18  acres,  tree  planting  practices  averaged  less 
than  5  acres.  Gregersen  et  al.  (1975),  in  a  study  of 
1972  Rural  Environmental  Assistance  Program 
(REAP)  tree-planting  (A-7)  in  Minnesota,  estimated 
that  41  percent  of  the  acreage  studied  could  not 
provide  an  acceptable  return  on  investment  costs — 
6  7/8  percent  in  their  study. 

Benson  and  Skok's  (1960)  analysis  of  Soil  Bank 
plantings  in  Minnesota  revealed  a  larger  average  tract 
size  of  12  acres.  The  majority  of  the  participants, 
however,  had  no  future  plans  for  the  plantations.  I 
This  failure  to  make  plans  for  necessary  intermediate 
treatments  is  apparently  common  among  owners  in 
the  North.  Kingsley  and  Mayer  (1972)  found  that  89 
percent  of  the  conifer  plantations  in  West  Virginia, 
Delaware,  Kentucky,  Maine,  Connecticut,  and  New 
Jersey  were  seriously   overstocked,    and   that   many  , 


suffered  from  hardwood  and  brush  invasion.  They 
observed  that  "...  most  of  the  plantations  in  the 
region  were  planted — and  that  is  all  that  was  ever 
done  to  them." 

Williston  and  Dell  (1974)  also  found  a  hardwood 
competition  problem  in  Civilian  Conservation  Corps 
(CCC)  plantations  in  northern  Mississippi,  although 
not  as  severe;  19  percent  of  the  area  suffered  from 
hardwood  invasion.  Williston  (1972)  found  that  hard- 
wood invasion  was  responsible  for  failure  of  7  percent 
of  3,875  Yazoo-Little  Tallahatchie  (Y-LT)  plantations 
checked  in  northern  Mississippi. 

Even  when  overstocking  and  hardwood  invasion  are 
not  problems,  premature  harvesting  and  conversion 
to  other  land  uses  is  a  threat  to  the  initial  invest- 
ment. For  example,  one-third  of  the  privately  owned 
CCC  plantations  checked  in  northern  Mississippi  by 
Williston  and  Dell  were  removed  prematurely  over  a 
10-year  period.  Most  were  converted  to  pasture  in 
spite  of  the  questionable  suitability  of  the  sites  for 
pasture.  Similarly,  6  percent  of  the  Y-LT  acreage 
analyzed  by  Williston  was  harvested  for  posts  or  pulp- 
wood  in  spite  of  their  low  merchantability,  4  percent 
was  cleared  for  pasture,  and  2  percent  was  lost 
through  miscellaneous  factors  such  as  road  con- 
struction and  conversion  to  row  crops. 

When  natural  losses  are  added  to  the  problems  of 
small  tract  sizes,  failure  to  follow  through  with  the 
necessary  intermediate  treatments,  and  failure  to 
hold  the  initial  investment  until  financial  maturity, 
these  studies  of  related  assistance  programs  do  not 
depict  a  rosy  picture  for  the  potential  success  of  the 
new  incentives  program.  In  fact,  skepticism  has 
already  been  expressed  that  FIP  can  be  cost  effective 
(Duerr  1974,  Zivnuska  1974). 

While  FIP's  goal  may  be  difficult  to  attain,  con- 
demning it  to  failure  because  of  the  performance  ol 
earlier  assistance  programs  is  premature  (Mills  1975). 
These  studies  evaluated  programs  designed  primarily 
for  soil  and  water  conservation.  Therefore,  it  should 
not  be  surprising  that  timber  production  performance 
was  found  wanting. 

The  geographic  scope  of  these  studies  was  also 
limited.  A  broader  base  is  necessary  before  redirec- 
tion of  a  national  program  can  be  proposed. 


PROGRAM  SCALE  AND  COMPOSITION 

The   general   composition   and   size  of  the    1974 
I  program  can  be  described  by  several  factors. 


Expenditures  and  Acres  Treated 


In  1974  FIP,  $8.3  million  was  spent  for  Federal 
Icost-shares  (table  1).  An  additional  SO. 9  million  of 
'appropriated  funds  was  spent  on  technical  assistance. 


This  estimated  Federal  spending  was  30  percent  less 
than  the  $12  million  total  available  for  FIP  from  the 
1974  Rural  Environmental  Assistance  Program 
(REAP)  (USDA  Secretary  of  Agriculture  1973).  The 
1974  FIP  Federal  spending  was  also  12  percent  less 
than  the  1972  REAP  obligations  for  tree  planting  and 
timber  stand  improvement  practices. 

North  Carolina  spent  by  far  the  most  Federal  cost- 
share  funds  (19.6  percent),  followed  by  Georgia 
(10.0  percent),  Alabama  (7.6  percent),  Mississippi 
(5.0  percent),  South  Carolina  (4.6  percent),  and 
Texas  (4.4  percent).  The  combined  southern  States 
spent  66.0  percent  of  the  total  funds,  followed  by  the 
Central  region  (13.7  percent),  the  Northeast  (10.0 
percent),  the  Lake  States  (5.4  percent),  the  Pacific 
Coast  (2.8  percent),  and  the  Plains  and  Rockies  (2.1 
percent). 

The  estimated  total  spending.  Federal  plus  private 
share,  was  $11.3  million  on  treatment  application. 
The  average  Federal  cost-share  rate  for  the  program 
was  estimated  at  73  percent.  Virginia  used  a  50 
percent  cost-share  on  all  tracts;  Minnesota  had  vary- 
ing rates  and  an  average  of  60  percent.  A  few  other 
States  (Illinois,  New  Hampshire,  Rhode  Island,  and 
Vermont)  had  50  percent  rates  on  selected  practices. 
The  rest  of  the  States  used  the  maximum  allowed  by 
the  legislation — 75  percent.  (More  States  are  shifting 
to  less  than  75  percent  cost-share  rates  in  1976  as 
it  becomes  apparent  that  more  FIP  participation  can 
be  generated  at  the  75  percent  rate  than  there  are 
funds  to  service.) 

A  total  of  13,500  owners  participated  in  1974  FIP 
involving  15,849  separate  tracts.  A  total  of  257,033 
acres  were  treated  or  are  "substantially  completed." 
The  overall  average  Federal  cost  per  acre  was  $32  on 
an  average  tract  size  of  16.2  acres.  The  average  total 
cost.  Federal  plus  private  share,  was  $43  per  acre. 

The  percentage  of  total  Federal  cost-shares  obli- 
gated by  State  compares  fairly  closely  with  the 
original  apportionment  of  funds.  In  1974,  40  percent 
of  the  total  appropriation  was  held  in  reserve  at  the 
national  level.  Funds  originally  earmarked  for  States 
that  could  not  obligate  their  entire  apportionment 
were  reallocated  to  States  that  could  deliver  more 
than  their  original  apportionment.  Some  States  spent 
more,  most  notably  North  Carolina,  Georgia,  New 
Hampshire,  and  Maine.  Likewise,  some  States  spent 
less,  notably  Virginia,  Kentucky,  Tennessee,  Penn- 
sylvania, West  Virginia,  Texas,  and  Alabama. 

There  are  several  reasons  for  the  differences  be- 
tween the  amounts  apportioned  and  actually  obli- 
gated. States  varied  in:  (1)  the  rapidity  with  which 
they  could  implement  programs,  especially  since 
State  funds  were  frequently  needed  to  augment  FIP 
funds;  (2)  availability  of  vendor  services  and  tree 
planting  stock;  (3)  the  percent  cost-share  rate  used; 
(4)  accuracy  of  regional  data  used  to  estimate  the 
existence  of  treatment  opportunities;  and  (5)  the  use 
of  the  "substantial  completion"  rule. 


Table  1. --Spending,  acres  treated,  and  tract  characteristics  for  the  1974  Forestry  Incentive  Program 


Apportion- 
ment 

Federal 

spending" 

Acres 

treated' 

Tree  pi 
Average 

cost 
per  acre' 

anting' 
Average 
size  per 
tract 

Intermediate 
Average 
cost 
per  acre' 

treatjnents" 

Average 

size  per 

tract 

Region  and  State 

Amount 

Percentage 

Amount 

Percentage 
of  total 

% 

% 

Acree 

X 

Acree 

Aoree 

SOUTH 

Alabama 

Arkansas 

Florida 

Georgia 

Louisiana 

Maryland 

9.0 
4.4 
1.9 
7.6 
2.7 
1.1 

$     626.7 
264.2 
226.0 
824.8 
295.2 
89.3 

7.6 
3.2 
2.7 
10.0 
3.6 
1.1 

17,067 

12,128 

7,077 

27,198 

11,508 
1,900 

6.6 

4.7 
2.8 
10.6 
4.5 
.7 

$50 
36 
44 
44 
37 
72 

23.7 
21.1 
22.0 
30.5 
25.0 
17.2 

$26 
25 
14 
19 
27 
35 

28.0 
31.6 
14.8 
62.8 
37.3 
18.7 

Mississippi 
North  Carolina 
Oklahoma 
South  Carolina 
Texas 
Virginia 

5.9 
8.4 
1.6 
4.7 
7.3 
7.1 

414.8 
1,618.6 
72.0 
378.2 
360.1 
285.0 

5.0 
19.6 
.9 
4.6 
4.4 
3.4 

15,904 
28.022 
3,969 
9,201 
9,816 
15,060 

6.2 
10.9 
1.5 
3.6 
3.8 
5.9 

39 
79 
50 
68 
56 
41 

16.1 
17.6 
18.3 
25.6 
21.8 
21.2 

19 
39 
18 
5 
28 
15 

29.1 
15.5 
57.8 
56.9 
45.6 
31.5 

Total 

61.6 

5,454.9 

66.0 

158,850 

61.8 

53 

21.5 

23 

35.0 

CENTRAL 

Illinois 

Indiana 

Iowa 

Kansas 

Kentucky 

.8 
.9 
.5 
.5 
4.3 

80.9 
77.1 
28.5 
49.3 
121.2 

1.0 
.9 
.3 
.6 

1.5 

2,471 
4,453 
721 
1,204 
4,066 

1.0 

1.7 

.3 

.5 

1.6 

67 
34 
62 
75 
34 

6.1 
6.0 
3.9 
6.6 

10.1 

41 
21 
37 
48 
39 

13.2 
24.6 

10.5 
11.4 
12.5 

Missouri 
Nebraska 
Ohio 

Tennessee 
West  Virginia 

2.8 
.5 
2.0 
4.4 
2.9 

255.5 
84.6 
183.7 
134.9 
118.4 

3.1 
1.0 
2.2 

1.6 
1.4 

16,704 
1,411 
4,709 
4,439 
4,391 

6.5 
.5 
1.8 
1.7 
1.7 

43 
133 
43 
71 
47 

13.6 
4.6 
9.7 

17.3 
3.2 

19 
69 
47 
22 
23 

35.6 
19.6 
18.2 
23.1 
12.3 

Total 

19.5 

1,134.1 

13.7 

44,569 

17.3 

52 

6.8 

27 

21.7 

NORTHEAST 

Connecticut 
Delaware 
Maine 

Massachusetts 
New  Hampshire 

.5 
.2 
.5 
1.0 
.5 

33.7 
18.4 

123.1 
78.1 

133.2 

.4 
.2 

1.5 
.9 

1.6 

626 

340 

4,571 

2,910 

4,078 

.2 

.1 

1.8 

1.1 

1.6 

48 
72 
48 

19 

6.6 

21.3 

7.0 

7.6 

41 

27 

34 
41 

7.1 

8.1 
12.9 
9.3 

New  Jersey 
New  York 
Pennsylvania 
Rhode  Island 
Vermont 

.5 

2.0 

3.8 

.1 

.6 

34.8 

153.7 

189.7 

4.5 

55.9 

.4 
1.9 
2.3 

* 

.7 

2,193 
5,386 
5,360 
74 
2,963 

.9 
2.1 
2.1 

* 

1.2 

16 
49 
42 
43 
60 

10.8 
9.5 
4.4 
6.0 
1.0 

27 
36 
48 
64 
26 

7.6 
9.4 

11.2 
7.0 

16.5 

Total 

9.6 

825.1 

10.0 

28,501 

11.1 

41 

6.5 

36 

10.2 

LAKE  STATES 

Michigan 

Minnesota 

Wisconsin 

1.9 

.7 

1.4 

233.4 

75.9 

138.2 

2.8 

.9 

1.7 

10,715 
2,354 
4,872 

4.2 

.9 

1.9 

33 
55 
45 

8.4 
3.7 
6.4 

26 
44 
23 

12.9 
9.2 
8.5 

Total 

3.9 

447.5 

5.4 

17,941 

7.0 

41 

6.1 

26 

11.6 

PLAINS  AND  ROCKY 
MOUNTAINS 

Arizona 

Colorado 

Idaho 

Montana 

Nevada 

.2 

.5 
.5 
.5 
.2 

12.1 
44.6 
23.5 
36.3 
.8 

.1 
.5 
.3 
.4 

* 

398 
632 
329 
577 
6 

.2 
.2 
.1 
.2 

35 

135 
62 
178 

7.5 

6.5 
34.0 
6.0 

41 
90 
94 
78 

29.5 

21.8 
16.6 
11.1 

New  Mexico 
North  Dakota 
South  Dakota 
Utah 
Wyomi  ng 

.2 

.5 
.5 
.2 
.2 

14.3 
9.0 

21.2 
2.4 
7.1 

.2 
.1 
.3 

* 

.1 

518 
120 
315 
52 
162 

.2 

* 

.1 

* 

.1 

70 
141 
112 
190 

77 

12.0 
2.8 
5.3 
6.0 

21.0 

29 
62 
66 
22 
52 

20.2 
31.0 
10.1 
40.0 
40.0 

Total 

3.5 

173.8 

2.1 

3,109 

1.2 

104 

6.3 

65 

17.7 

PACIFIC  COAST 

Alaska 

California 

Hawaii 

Oregon 

Washington 

.1 
.5 
.3 
.5 
.5 

96.1 

2.5 

54.6 

79.6 

1.2 

.7 
1.0 

1,344 

20 

1,105 

1,594 

.5 

* 

.4 
.6 

95 

167 

72 

76 

20.2 
20.0 
8.9 
12.8 

89 

53 

45 

19.9 

13.3 
15.4 

Total 

1.9 

232.8 

2.8 

4,063 

1.6 

82 

12.9 

63 

15.9 

TOTAL  UNITED  STATES 

8,265.8 

257,033 

52 

15.3 

29 

17.9 

Note:     State  values  have  been  rounded  and  therefore  may  not  add  to  totals. 
*  Less   than  0.5%. 

'Federal   cost  shares   include  $125,531   for  fencing,   fire  protection  roads,   fire  protection  ponds,  and  other  miscellaneous 

practices,  i.e.,   1.5  percent  of  total   federal   spending. 
'Includes  acres  treated  for  all   practices  except  those  listed  in  footnote  1. 
'Tree  planting  Includes  planting  bare  land,  planting  after  major  and  minor  site  preparation,  and  site  preparation  for 

natural   regeneration,   i.e.,   RE-3  plus  site  preparation  for  natural    regeneration. 
•Intermediate  treatments  include  precoranercial    thinning,   understory  release,  cull    tree  removal,  and  pruning,   i.e.,   RE-4 

minus  site  preparation  for  natural   regeneration. 
'Private  plus   federal   direct  treatment  cost. 


Acres  Treated,  by  Practices  and  Forest  Type 

Site  preparation  and/or  planting  constituted  the 
primary  practice  funded  in  the  South  (81  percent  of 
the  acres  treated,  see  table  4).  This  practice  includes 
bare  land  planting,  site  preparation  and  planting,  and 
site  preparation  for  natural  regeneration.  The  next 
largest  practice  was  precommercial  thinning  and  re- 
lease (14  percent);  the  balance  was  cull  tree  removal 
and  pruning  (5  percent).  Loblolly-shortleaf  pine  was 
the  most  frequently  treated  forest  type  in  the  South 
(70  percent).  Longleaf-slash  pine  was  next  (24  percent) 
with  some  white-red-jack  pine  type  (2  percent)  in  the 
mountains. 

Site  preparation  and/or  planting  was  also  the  most 
popular  practice  in  the  Lake  States  (56  percent  of  the 
acres  treated).  It  was  done  mostly  in  the  white-red- 
jack  pine  type,  with  a  small  amount  of  spruce-fir. 
The  remaining  acres  treated  in  the  Lake  States  were 
about  evenly  split  between  precommercial  thinning 
and  release,  and  cull  tree  removal  and  pruning.  The 
maple-beech-birch  type  dominated  the  intermediate 
treatments. 

In  the  Central  region,  the  intermediate  treatments 
were  applied  to  more  acres,  mostly  in  the  oak-hickory 
type,  than  site  preparation  and/or  planting.  Pre- 
commercial thinning  and  release  were  done  on  42 
percent  of  the  acres  treated,  and  cull  tree  removal 
and  pruning  on  37  percent.  The  remaining  22  percent 
was  site  preparation  and/or  planting. 

In  the  Northeast,  intermediate  treatments  also 
dominated,  primarily  in  the  maple-beech-birch  type. 
Precommercial  thinning  and  release  composed  the 
bulk  of  the  program  (66  percent),  followed  by  cull 
removal  and  pruning  (12  percent);  site  preparation 
and/or  planting  was  applied  on  22  percent  of  the 
acres  treated. 

In  the  West,  precommercial  thinning  and  release 
was  also  the  largest  component  (54  percent),  usually 
involving  ponderosa  pine.  Most  of  the  remaining 
acres  treated  in  the  West  (43  percent)  received  site 
preparation  and/or  planting,  mostly  to  Douglas-fir. 


Overall,  73  percent  of  the  FIP  cost-share  funds 
were  spent  on  site  preparation  and/or  planting  on  61 
percent  of  the  program  acreage.  Similarly,  72  percent 
of  the  1972  REAP  forestry  funds  were  spent  on  tree 
planting  (USDA-ASCS  1973).  A  timber  outlook  study 
(USDA-FS  1973b)  indicated  that  profitable  oppor- 
tunities for  planting  are  much  more  extensive  on 
nonindustrial  private  lands  than  timber  stand  im- 
provement opportunities.  In  earlier  years  of  REAP 
less  emphasis  was  placed  on  tree  planting  (James  and 
Schallau  1961). 

Ownership  Size 

About  75  percent  of  the  acres  treated  were  on 
ownerships  in  excess  of  100  acres  (table  2).  All  the 
regions  had  a  similar  acreage  distribution  by  owner- 
ship size. 

Two  strong  patterns  between  ownership  size  and 
size  of  the  tract  treated  are  apparent  in  table  2.  First, 
the  average  tract  size  increases  as  ownership  size 
increases.  For  example,  the  average  tract  size  nation- 
wide is  11  acres  for  ownerships  from  1  to  100  acres,  in 
contrast  to  27  acres  for  ownerships  over  500  acres. 
This  same  positive  relationship  persists,  although  to 
different  degrees,  across  all  regions  and  practices. 
Numerous  studies  have  concluded  similarly  that  those 
who  have  larger  ownerships  are  more  likely  to  practice 
forestry  and  participate  in  assistance  programs  (Yoho 
and  James  1958,  Webster  and  Stoltenberg  1959,  South 
et  al.  1965,  Anderson  1968a). 

Second,  average  tract  size  for  the  same  ownership 
size  class  varies  among  regions.  For  example,  the 
average  tract  size  in  the  South  for  101-  to  200-acre 
ownerships  is  23  acres,  but  in  the  Northeast,  treated 
tracts  average  only  9  acres  for  the  same  ownership 
size  class.  The  smaller  tract  sizes  in  the  Northeast 
persist  even  for  individual  practices.  For  example,  the 
average  bare  land  planting  tract  in  the  South  for  101- 
to  200-acre  ownerships  is  18  acres,  but  the  corre- 
sponding average  tract  size  in  the  Northeast  is  only 
6  acres.  It  appears,  then,  that  ownership  size  is  not  a 
factor  that  limits  FIP  tract  sizes  in  the  North  relative 
to  the  South. 


Table  2. --Average  tract  size  and  percentage 

of  acres  treated. 

by  region  and  ownership  size  class 

1  to  100  acres 

101  to  200  acres 

201  to  500  acres    501+  acres 

'"'^'""            Tract    Acres 
size    treated 

Tract    Acres 
size    treated 

Tract    Acres    Tract    Acres 
size   treated   size   treated 

Acres 


Acres 


Acres 


South 

Central 

Northeast 


Acres 


15.7 

21 

22.7 

23 

27.7 

39 

30.9 

17 

9.0 

21 

12.4 

23 

18.0 

33 

30.4 

23 

6.5 

32 

8.7 

27 

11.3 

28 

22.2 

13 

Lake  States              6.9 
Plains  and  Rockies        10.0 
Pacific  Coast            11.9 

38 
22 
41 

8.0 
12.6 
13.9 

28 
16 
24 

8.5 
18.0 
17.0 

24 
32 
30 

9.5 
17.7 
15.2 

10 

30 

6 

Total  United  States      10.5 

24 

15.1 

24 

20.8 

36 

26.9 

17 

Note:  Totals  may  not  equal  100  due 

'1 

to  round 

ing. 
5 

Practice  Application 

Landowners  were  permitted  to  either  install  the 
practice  themselves  or  hire  a  vendor  or  contractor. 
The  proportion  of  jobs  contracted  varied  significantly 
by  region  and  practice,  due  perhaps  to  differences  in 
the  availability  of  vendor  services  and  the  size  of  the 
tracts  being  treated.  For  example,  80  percent  of  the 
tree  planting  jobs  were  done  by  vendors  in  the  South, 
compared  with  25  percent  in  the  Lake  States.  For  the 
total  program,  59  percent  of  the  planting  and  38 
percent  of  the  nonplanting  jobs  were  done  by  ven- 
dors. 

Land  Use  Preceding  Treatment 

The  majority  of  the  acres  treated  (80  percent)  were 
forest  land  before  treatment  (table  3).  Except  for  the 
Lake  States,  where  more  pasture  and  cropland  were 
treated,  the  regions  generally  followed  the  same 
pattern  of  preceding  land  use. 

These  data  do  not  directly  estimate  the  net 
program  impact  on  land  use  because,  for  example, 
some  of  the  cropland  may  have  reverted  to  forest.  The 
data  indicate,  however,  that  FIP  probably  has  little 
impact  on  land  use  conversions.  Future  shifts  of  FIP 
acres  out  of  forest  land  use  will  probably  be  more 
prevalent  than  conversion  of  good  cropland  to  forest 
under  FIP. 

COST  EFFECTIVENESS  OF  MAJOR 
PROGRAM  COMPONENTS 

The  four  indicators  of  the  cost  effectiveness  of  1974 
FIP  include  the  practice  and  forest  type  to  which  it 
was  applied,  tract  size,  cost  per  acre,  and  site  class. 
These  same  indicators  are  used  in  management 
guides  to  determine  the  most  profitable  investments 
(Anderson  and  Guttenberg  1971),  and  are  basic  to 
the  cost-effective  timber  production. 

For  convenience,  each  indicator  is  presented  sepa- 
rately. It  is  the  combination  of  characteristics  for 
each  tract  that  actually  controls  financial  return, 
however.  For  example,  higher  costs  may  be  more 
acceptable  on  good  sites  than  on  poor  sites.  The  dis- 
tribution of  acres  treated  by  tract  size,  per-acre  cost, 


and  site  class  are  presented  later  in  combination  to 
give  a  clearer  picture  of  total  cost  effectiveness. 

Type  of  Practice 

Considerable  research  and  practical  experience 
have  been  amassed  on  the  silvicultural  and  financial- 
return  characteristics  of  forestry  practices  applied  to 
various  forest  types.  Results  of  these  past  studies  sug- 
gest that  the  vast  majority  of  the  acres  treated  in  1974 
FIP  should  yield  good  returns — if  correctly  installed 
in  the  proper  situations  and  if  harvested  when 
mature.  The  composition  and  expected  cost  effective- 
ness were: 

Percent  of    Expected  cost- 
Practice  and  forest  type  acres  treated    effectiveness 
Site  preparation  and/or 
planting,  southern 

pine  49  good 

Precommercial  thinning 
and  release,  southern 

pine  8  good 

Cull  tree  removal, 
southern  pine  and 

oak-pine  4  poor 

Precommercial  thinning 

and  release,  oak-pine  2  poor 

Site  preparation  and/or 
planting,  red-white- 
jack  pine  and  spruce- 
fir  8  fair 
Precommercial  thin, 
release,  and  cull 
removal,  maple- 
beech -birch                             7  fair 
Precommercial  thin  and 

release,  oak-hickory  6  poor 

Cull  tree  removal,  oak- 
hickory  5  poor 
Site  preparation  and/or 

planting,  hardwoods  1  good 

All  practices,  Douglas- 
tlr  and  ponderosa 

pine  3  mixed 

Miscellaneous  practice 
and  types  8  mixed 


Table  3. --Land  use,  by  region,^  before  treatment  under  Forestry  Incentives  Program 


Region 


Forest 


Cropland 


Pasture 


Other 


Total 


Acres 


South 
Central 
Northeast 
Lake  States 
West 


Total   United  States     206,316      80 


Acres 


Acres 


Acres 


14,427 


23,909 


12,381 


Acres 


130,547 

82 

9,131 

6 

13,435 

8 

5,737 

4 

158,850 

35,818 

80 

1,178 

3 

4,676 

10 

2,897 

7 

44,569 

23,793 

83 

1,619 

6 

2,004 

7 

1,085 

4 

28,501 

9,938 

55 

2,442 

14 

3,166 

18 

2,395 

13 

17,941 

6,220 

87 

57 

1 

628 

9 

267 

4 

7,172 

257,033 


^Regions  include  the  same  States  as  shown  in  table  1  except  West  includes  both  the  Rocky  Mountains 
and  the  Pacific  Coast. 


Anderson  and  Guttenberg  (1971),  Row  (1974),  and 
Knight  and  McClure  (1974)  all  showed  good  returns 
for  site  preparation  and /or  planting  southern  pine. 
Given  possible  problems  with  initial  practice  follow- 
up,  however,  the  practice  should  be  restricted  to  sites 
where  hardwood  competition  is  not  severe  (Anderson 
1975). 

Guttenberg  (1970).  Balmer  and  Williston  (1973), 
Mann  and  Lohrey  (1974),  and  Knight  and  McClure 
(1974)  all  concluded  that  precommercial  thinning  and 
release  of  southern  pine  shows  good  returns  under 
certain  conditions.  Pine  stands  less  than  4  years  old 
and  very  densely  stocked  (according  to  Balmer  and 
Williston  U973)  1,500  stems  per  acre)  can  benefit 
from  precommercial  thinning  down  to  500  to  700 
stems  per  acre.  If  thinning  is  delayed,  treatment  cost 
increases  and  the  growth  response  declines. 

A  Georgia  case  study  by  Anderson  (1968b)  showed 
high  returns  from  cull  removal  in  pole-  and  saw- 
timber-sized  lobloUy-shortleaf  stands.  Lewis  and 
Chappelle  (1964),  however,  rejected  such  investments 
in  pine  stands  in  Virginia  as  unprofitable.  Profitabil- 
ity is  greatly  influenced  by  residual  pine  stocking, 
stand  age,  and  market  value  of  the  hardwood 
removed.  The  practice  should  be  applied  selectively. 
Similar  qualifications  are  required  for  precommercial 
thinning  and  release  of  oak-pine  stands. 

Analyses  of  red  pine  and  white  pine  plantations 
showed  fair  returns  (Manthy  et  al.  n.d.,  Lundgren 
1966,  Wallace  and  Hopkins  1968,  Manthy  1970). 
Manthy  (1970)  and  Nadeau  (1970)  also  concluded 
that  planting  spruce  had  the  potential  for  fair 
returns. 

Studies  by  Worley  and  Wheeland  (1968),  Manthy 
(1970),  and  the  USDA-FS  (1973b)  all  showed  fair 
returns  for  precommercial  thinning,  release,  and  cull 
tree  removal  in  maple-beech-birch.  However,  proper 
application  of  intermediate  hardwood  treatments  is 
sometimes  difficult.  For  example,  McCauley  and 
Marquis  (1972)  found  in  a  northern  hardwood  pre- 
commercial thinning  case  study  that  light  crop-tree 
release  returned  10  percent  on  investment  while  a 
heavy  crop-tree  release  showed  a  negative  return.  The 
heavy  release  did  not  stimulate  a  large  enough  in- 
crease in  growth  to  compensate  for  the  added  cost. 

Herrick  and  Morse  (1968),  Manthy  (1970),  Calla- 
han and  Wenger  (1973),  and  Gansner  and  Herrick 
(1973)  all  produced  evidence  that  returns  from  inter- 
'  mediate  treatments  in  oak-hickory  are  relatively  poor, 
unless  treatment  is  restricted  to  good  sites,  and  to 
stands  with  proper  stocking  that  have  enough  time  to 
respond  to  treatment  before  final  harvest.  Cull  tree 
removal  in  oak-hickory  similarly  yields  poor  returns. 
The  returns  from  some  oak-hickory  treatments  may 
be  higher  if  a  black  walnut  stand  component  is  the 
object  of  the  treatment. 

While  the  less  desirable  oak-hickory  practices  do 
not  make  up  a  large  component  of  the  total  program, 
they  are  concentrated  in  a  relatively  few  States: 


Percent  of 

oak-hickory  acres 

in  U.S.  given 

Percent  of  total 

intermediate 

acres 

treated  in 

treatments 

the  State 

Illinois 

7 

79 

Indiana 

12 

78 

Kentucky 

3 

25 

Missouri 

33 

57 

Ohio 

6 

20 

Pennsylvania 

5 

25 

Tennessee 

8 

51 

West  Virginia 

7 

47 

Total 

81 

Average 

48 

Analyses  such  as  those  by  Dutrow  et  al.  (1970)  on 
Cottonwood  and  by  Callahan  and  Smith  (1974)  on 
black  walnut  indicate  that  hardwood  planting  can 
generate  good  returns.  The  site  requirements  are 
quite  specific,  however,  and  planting  must  be  fol- 
lowed by  a  rather  intensive  regime  of  subsequent 
treatments. 

Site  preparation  and/or  planting,  precommercial 
thinning,  and  release  of  Douglas-fir  and  ponderosa 
pine  were  applied  on  2  percent  of  the  area  treated. 
Analysis  has  shown  that  many  such  investments  are 
profitable  (Beuter  and  Handy  1974). 

Several  practices  and  forest  type  combinations 
made  up  the  remaining  8  percent  of  the  total  area 
treated.  Some  intermediate  treatments  in  the  elm- 
ash-cottonwood  type,  for  example,  will  no  doubt  be 
profitable  investments. 

Less  than  1.5  percent  of  the  Federal  funds  were 
expended  on  fire  roads,  firebreaks,  fire  ponds,  and 
"other"  categories  not  covered  under  the  practices 
already  mentioned. 

Therefore,  except  for  the  relatively  small  oak- 
hickory  component,  the  majority  of  the  treatments 
were  applied  in  practice-forest  type  combinations 
which  are  financially  acceptable.  This  conclusion 
must  be  qualified,  of  course,  by  the  assumption  that 
the  practice  was  properly  installed  on  the  correct 
site,  that  the  tract  will  receive  the  necessary  inter- 
mediate treatments,  and  that  it  will  be  harvested 
when  mature. 


Tract  Size 

Tract  size,  the  second  indicator  of  cost  effective- 
ness, has  a  major  impact  upon  the  per-acre  cost 
through  the  allocation  of  fixed  costs.  The  costs  of 
moving  men  and  equipment  to  the  tract  are  the  same 
regardless  of  tract  size,  as  are  the  Federal  and  State 
overhead  costs.  Previous  assistance  programs  have 
been  criticized  for  their  preponderance  of  small 
tracts,  with  the  resulting  diseconomy  of  small  scale 
production. 


Tract  size 

(acres 

) 

10 

40 

80 

160 

{ 

.Dollars/acre) 

107 

59 

48 

43 

52 

17 

12 

9 

26 

14 

12 

11 

Impact  of  Tract  Size  on  Financial  Return 

The  diseconomy  of  small-scale  production  affects 
both  practice  application  and  final  harvesting.  Dis- 
economies are  especially  great  with  capital-intensive 
operations,  such  as  site  preparation  and  machine 
planting. 

Row  (1973)  developed  per-acre  cost  estimates  by 
tract  size  for  various  practices  by  fitting  regression 
equations  to  costs  of  National  Forest  silvicultural 
contracts.  The  following  per-acre  costs  were  esti- 
mated for  southern  pine: 


Site  preparation  and 

planting 
Precommercial  thinning 
Cull-tree  removal 


Note  the  significantly  higher  costs  on  the  smallest 
tracts. 

Wikstrom  and  Alley  (1967)  compiled  per-acre 
treatment  costs  for  silvicultural  treatments  by  tract 
size  on  National  Forests  in  the  northern  Rocky  Moun- 
tains and  derived  similar  results.  The  per-acre  cost 
for  hand  planting  was  $83  for  1-  to  10-acre  tracts,  but 
dropped  to  $21  for  21-  to  30-acre  tracts.  Conkin 
(1971)  also  found  that  small  tract  size  increased  per- 
acre  treatment  costs  in  the  North. 

A  significant  percentage  of  the  acres  in  1974  FIP, 
especially  in  the  north,  were  treated  by  the  owners 
themselves.  If  tract  size  only  had  an  impact  during 
treatment  application,  and  if  the  owner  was  willing  to 
apply  the  practice  himself,  small  tracts  would  not 
endanger  FIP's  goal.  Unfortunately,  diseconomies  of 
small  scale  are  also  reflected  at  harvest  time  in  the 
lower  stumpage  price  the  sale  can  command  due  to 
higher  harvesting  cost  per  unit  volume  (Anderson 
1%9,  Row  1974). 

Row  2  estimated  the  net  impact  of  tract  size  on 
financial  return  of  loblolly  pine  plantations.  The  rate 
of  return  by  tract  size  for  site  index  80  stands,  where 
site  preparation,  planting,  and  hardwood  control 
were  followed  by  commercial  thinning,  was: 


Internal  rate 

Tract  size 

of  return 

I  Acres) 

(Percent) 

10 

3.1 

20 

4.7 

40 

6.2 

80 

7.0 

160 

7.5 

320 

7.8 

These  estimates  suggest  that  it  is  possible  to  double 
the  rate  of  return  on  loblolly  pine  plantations  by 
simply  managing  40-acre  instead  of  10-acre  tracts. 
Most  of  the  economy  of  scale  is  captured  by  manag- 
ing 50-acre  tracts,  and  15  to  50  acres  appears  to  be 
the  transition  phase. 

More  disturbing  than  the  higher  average  cost  of 
harvesting  small  tracts  is  the  possibility  that  small 
tracts  will  not  be  harvested  at  all  because  of  prohibi- 
tive costs.  Herrick  (1975),  for  example,  surveyed  log- 
gers in  the  Northeast  concerning  their  most  recent 
logging  chance.  Even  with  the  relatively  fragmented 
ownership  in  the  Northeast,  in  only  3  percent  of  the 
cases  was  the  most  recently  harvested  tract  less  than 
10  acres.  Fifty  percent  of  the  most  recent  harvests 
were  over  100  acres.  The  median  size  for  predomi- 
nantly pulpwood  operations  was  132  acres. 

In  a  recent  forest  survey  of  North  Carolina,  an 
estimated  14  percent  of  the  harvested  area  was  in  1- 
to  5-acre  tracts. ^  Seventy-eight  percent  of  the  area 
harvested  was  in  tract  sizes  larger  than  10  acres.  If 
the  current  trend  toward  capital-intensive  harvesting 
systems  continues,  the  problem  of  harvesting  small 
tracts  will  be  even  greater  in  the  future. 

There  may  be  instances  where  a  few  high-quality 
hardwood  trees  can  be  profitably  treated  on  very 
small  tracts,  or  where  the  treated  area  can  be  com- 
bined with  similar  adjacent  acreage  held  by  the  same 
owner  to  yield  a  profitable  return.  A  limited  number 
of  small  tracts  may  even  be  justified  as  an  educational 
outlay  to  generate  program  interest.  In  general, 
however,  tract  sizes  from  1  to  10  acres,  particularly 
those  involving  site  preparation  and  planting,  are  not 
financially  attractive  investments,  and  probably  carry 
a  higher  risk  of  abandonment. 

Zivnuska  (1974)  and  the  President's  Advisory  Panel 
on  Timber  and  the  Environment  (1973)  both  suggest 
that  holdings  of  less  than  200  acres  are  generally  too 
small  to  justify  intensive  management.  While  some 
situations  probably  exist  where  that  much  acreage  is 
required,  the  evidence  cited  above  does  not  generally 
support  a  minimum  as  large  as  200  acres. 


Tract  Size  Distribution 

The  overall  tract  size  performance  in  1974  was 
favorable.  Only  26  percent  of  the  acres  treated  were 
in  1-  to  15-acre  tracts,  47  percent  were  in  16-  to  50- 
acre  tracts,  and  27  percent  were  in  tracts  larger  than 
50  acres  (table  4,  fig.  1). 

The  South  had  the  most  favorable  distribution. 
Only  16  percent  of  the  area  treated  was  in  1-  to  15-     ! 
acre  tracts  while  30  percent  was  in  tracts  51+  acres  «j 
in  size.  The  average  tract  size  in  the  South  was  23    ' 


Personal  communication  with  Clark  Row,  Division  of 
Forest  Economics  and  Marketing  Research,  USDA  Forest 
Service,  Wash.  D.C. 


Personal  communication  with  the  Forest  Resources  Re- 
search Project,  Southeastern  Forest  Experiment  Station, 
USDA  Forest  Service,  Asheville,  North  Carolina. 


Table  4. --Acreage  and  percentage  of  acreage  by  region,'  practice,^  and  tract  size' 


Tract  size 


Region  and  practice 


~r~to 

15  acres 


16-  to 
50  acres 


Total   *1!*"?^  U.  S.    Predominant  forest  type 


after  treatment' 


SOUTH 

Site  preparation  and/or  planting    22,078  17   74,538  58   31,332  24  127,948  81  21.5 

Precommercial  thinning  and  release   1,934 
Cull  removal  and  pruning 


CENTRAL 

Site  preparation  and/or  planting 


1,934 
678 

9 
8 

8,313 
3,414 

37 
40 

12,210 
4,353 

54 
52 

22,457 
8,445 

14  34.7 
5  35.9 

9 
3 

24,690 

16 

86,265 

54 

47,895 

30 

158,850 

23.3 

62 

5,224  54    2,821  29 


9,638  22   6.8 


Precomnercial  thinning  and  release 
Cull  removal  and  pruning 


NORTHEAST 

Site  preparation  and/or  planting 
Precormercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

LAKE  STATES 

Site  preparation  and/or  planting 
Precomnercial  thinning  and  release 
Cull  removal  and  pruning 


Site  preparation  and/or  planting 
Preconmercial  thinning  and  release 
Cull  removal  and  pruning 


TOTAL  UNITED  STATES 


Site  preparation  and/or  planting 
Precorrenercial  thinning  and  release 
Cull  removal  and  pruning 

Total 


3,900 
3,559 

21 
22 

7,372 
6,572 

40 
40 

7,342 
6,186 

39 
38 

18,614 
16,317 

42 
37 

22.2 
21.2 

12,683 

28 

16,765 

38 

15,121 

34 

44,569 

14.7 

17 

3,681 
10,317 
2,090 

58 
55 
61 

1,404 

6,931 

968 

22 
37 
28 

1,258 

1,488 

364 

20 
8 

11 

6,343 
18,736 
3,422 

22 
■66 
12 

6.5 
10.5 
8.7 

16,088 

56 

9,303 

33 

3,110 

11 

28,501 

9.0 

11 

6,649 
2,128 
1,589 

66 
48 
46 

2,977 
1,882 
1,440 

30 
43 
41 

424 
409 
443 

4 
9 
13 

10,050 
4,419 
3,472 

56 
25 
19 

6.1 
11.8 
11.3 

10,366 

58 

6,299 

35 

1,276 

7 

17,941 

7.7 

1,375 

1,111 

12 

45 

29 

5 

1,302 

1,849 

178 

42 
48 
72 

397 

892 

56 

13 
23 
23 

3,074 

3,352 

246 

43 
54 
3 

11.3 
16.7 
24.6 

2,498 

35 

3,329 

46 

1,345 

19 

7,172 

14.0 

39,007 
19,390 
7,928 

25 
28 
25 

83,042 
26,347 
12,572 

53 
39 
39 

35,004 
22,341 
11,402 

22 
33 
36 

157,053 
68,078 
31,902 

61 
26 
12 

15.3 
17.6 
18.6 

61 
26 
12 

66,325  26  121,961  47 


3,747  27  257.033 


16.2 


Loblolly-shortleaf  and 

longleaf-slash  pine 

LobloUy-shortleaf  pine 

Loblolly-shortleaf  pine 


Loblolly-shortleaf  and 
white-red-jack  pine 
Oak-hickory 
Oak-hickory 


White-red-jack  pine 

Maple-beech-birch 

Maple-beech-birch 


White-red-jack  pine 
Maple-beech-birch 
Maple-beech-birch  and 
white-red-jack  pine 


Douglas-fir 

Ponderosa  pine  and  Douglas-fir 

Ponderosa  pine 


Note:     Totals  may  not  check  due  to  rounding  error. 

*  Less  than  0.5%. 

^Regions  include  the  same  States  as  shown  in  table  1  except  West  includes  both  the  Rocky  Mountains  and  the  Pacific  Coast. 

^Site  preparation  and/or  planting  includes  RE-3  {plant  bare  land  and  planting  after  site  preparation),  and  one  practice  from  RE-4 

(site  preparation  for  natural  regeneration);  other  practices  are  components  of  RE-4. 
'Percentages  indicate  percentage  of  acres  treated  in  that  region  and  practice  category  that  occur  in  that  parcel  class,  for  example, 

15  percent  of  the  acres  treated  with  site  preparation  and/or  planting  in  the  South  were  in  1-  to  15-acre  parcels. 
*Percentages  indicate  percentage  of  acres  treated  in  that  region  that  occur  in  that  parcel  class,  for  example,  15  percent  of  tne 

acres  treated  in  the  South  received  a  site  preparation  and/or  planting  treatment. 

'Percentages  indicate  percentage  of  acres  in  the  entire  United  States  treated  in  that  region  and  practice  group. 
*Where  more  than  one  type  is  shown,  first  listed  is  most  prevalent. 


Figure  1  .—Percentage  of  acres  treated  by  tract  size  class 
and  average  tract  size. 


Total 

Jnited 

States 


Percent 


acres.  In  the  Central  region,  a  much  larger  portion 
(28  percent)  was  in  the  1-  to  15-acre  tract  size. 

The  Northeast  and  Lake  States  regions  had  the 
poorest  tract  size  distribution;  over  half  of  the  acres 
treated  were  in  the  1-  to  15-acre  class  and  20  percent 
in  the  1-  to  5-acre  class.  The  average  tract  size  for  site 
preparation  and/or  planting  practices  in  the  two 
regions  was  6  acres,  lower  than  any  other  regions. 

Tract  size  distribution  in  the  West  was  fair.  Thirty- 
five  percent  of  the  area  was  in  1-  to  15-acre  tracts, 
and  19  percent  was  in  51 -acre  or  larger  tracts.  The 
tract  size  average  for  the  West  was  14  acres. 

Because  of  the  favorable  tract  sizes  in  the  South 
and  Central  regions,  the  overall  size  distribution  is 
fair  with  an  average  tract  size  of  16.2  acres.  Small 
tracts  are  still  a  problem,  however.  For  example,  7 
percent  or  17,495  acres  of  the  program  were  in  1-  to 
5-acre  tracts,  and  3  percent  in  1-  to  3-acre  tracts.  If 
these  acres  were  treated  at  the  average  per-acre  cost 
for  the  program.  $227,000  in  Federal  cost  shares  was 
spent  on  1-  to  3-acre  tracts  in  1  year. 

In  those  States  with  over  2,000  acres  in  site 
preparation  and/or  planting  or  in  intermediate  treat- 
ments, tract  size  distribution  varied  widely: 


Largest  tract  size: 

Acre 

Site  preparation  and/or  planting — 

Georgia 

30.5 

South  Carolina 

25.6 

Louisiana 

25.0 

Intermediate  treatments — 

Georgia 

62.8 

Oklahoma 

57.8 

Texas 

45.6 

Smallest  tract  size: 

Site  preparation  and/or  planting — 

Minnesota 

3.7 

Pennsylvania 

4.4 

Wisconsin 

6.4 

Intermediate  treatments — 

Maine 

8.1 

New  York 

9.4 

Pennsylvania 

11.2 

In  those  States  with  the  largest  average  tract  size, 
there  were  also  few  small  tracts.  Only  1  percent  of 
the  acres  treated  were  on  1-  to  5-acre  tracts  compared 
with  7  percent  for  the  total  program;  41  percent  were 
in  tracts  larger  than  50  acres. 

In  the  States  with  the  smallest  average  tract  size, 
the  tract  sizes  for  intermediate  treatments  are 
generally  large  enough  so  that  economy  of  scale 
problems  are  not  prominent.  The  generally  low 
capital  intensity  of  many  intermediate  treatments 
reduces  the  problems  of  small  tracts,  at  least  at  the 
time  the  initial  practice  is  applied.  Intermediate 
treatments  were  applied  on  6,600  acres  of  1-  to  5-acre 
tracts — only  2.6  percent  of  the  entire  program. 


There  is  a  problem  with  small  plantations,  how- 
ever; 37  percent  of  the  site  preparation  and/or  plant- 
ing in  the  three  low-average  States  was  on  1-  to  5-acre 
tracts,  and  only  2  percent  was  on  tracts  over  50  acres. 
In  21  States,  10  percent  or  more  of  the  acres  treated 
were  in  1-  to  5-acre  tracts  (table  5).  In  one  northern 
State,  44  percent  of  all  the  acres  treated  were  in  1-  to 
5-acre  tracts,  and  20  percent  were  in  1-  and  2-acre 
tracts.  Most  of  these  small  tracts  involved  tree  plant- 
ing. 

It  is  tempting  to  conclude  that  ownership  size 
restricted  tract  size  in  the  North  for  1974  FIP,  but 
ownership  data  on  FIP  participants  (table  2)  does  not 
support  this  contention.  Even  in  the  Lake  States, 
where  58  percent  of  the  acres  treated  were  in  tracts  of 
15  acres  or  less,  over  60  percent  of  the  acres  treated 
were  on  ownerships  larger  than  100  acres. 

Physiographic  differences  may  partially  neutralize 
the  large  ownerships  in  the  North,  where  moisture 
and  soil  conditions  may  change  markedly  over  a  short 
distance.  This  often  divides  the  lands  into  forest 
management  units  smaller  than  the  ownership.  In  the 
South,  where  the  pine  and  oak-pine  lands  of  the 
Coastal  Plain  and  Piedmont  extend  for  miles,  owner- 
ship size  is  probably  more  often  the  restricting  factor. 


Comparison  With  Tract  Sizes  of  Other  Programs 


The  average  1974  FIP  tract  size  compares  favorably 
with  that  of  1972  REAP.  The  average  tract  size  for 
site  preparation  and/or  planting  in  1974  FIP  was 
15.3  acres  (table  1),  while  the  average  for  1972  REAP 
tree  planting  was  only  6.7  acres  (USDA-ASCS  1973). 
The  major  reason  for  the  larger  average  FIP  size  is 
that  more  of  the  FIP  money  went  to  the  South,  which 
consistently  had  larger  tree-planting  tract  sizes  under 
REAP  than  the  rest  of  the  Nation.  The  1974  FIP 
average  tract  size  in  the  South  was  about  equal  to  the 
South's  previous  REAP  average,  however.  The  aver- 
age FIP  tract  size  for  intermediate  treatments,  17.9 
acres,  was  slightly  below  that  achieved  in  1972  REAP 
timber  stand  improvement,  20.7  acres. 

FIP's  1974  tract  sizes  do  not  compare  as  well 
against  National  Forest  tract  sizes.  The  average  tract 
size  on  National  Forest  silvicultural  service  contracts 
in  1970  was  70  acres  for  thinning,  46  acres  for  site 
preparation,  and  48  acres  for  hand  planting  (Row 
1973).  Stand  sizes  in  the  Southern  Region  (Region  8) 
are  administratively  determined.  Softwood  stands 
there  vary  from  10  to  100  acres,  while  hardwood 
stands  vary  from  10  to  50  acres.  In  the  Eastern 
Region  (Region  9),  a  sampling  of  National  Forest 
stand  sizes  showed  an  average  of  40  acres  in  Wiscon- 
sin, 51  in  Vermont,  20  in  Missouri,  and  35  in  Indi- 
ana. Although  there  is  evidence  that  increasing 
concern  for  nontimber  values  on  the  National  Forests 
may  reduce  the  average  stand  size  (for  example, 
Wyoming  Forest  Study  Team   1971),  the  National 
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Table  5. --States  and  regions  where  10  percent  or  more  of  the  acres  treated  were  in  1-  5-acre 
tracts,  and  the  percentage  of  total  United  States  funds  spent  for  treating  all  tract  sizes 


States  and  regions 


Percentage  of  acres  treated,  by  tract  size 


1-  to  5-acre 
tracts 


1  acre  2  acres 


3  acres   4  acres 


5  acres 


Percentage 

of  total 

U.S.  funds 

spent 


STATE 


Note:  Totals  may  not  check  due  to  rounding  error. 
*  Less  than  0.5%. 


% 


Connecticut 

28 

1 

7 

3 

1 

15 

0.4 

Illinois 

10 

* 

* 

2 

3 

5 

1.0 

Iowa 

34 

7 

9 

7 

7 

5 

.3 

Kansas 

13 

2 

1 

2 

3 

5 

.6 

Kentucky 

11 

2 

3 

3 

2 

3 

1.5 

Maine 

23 

2 

3 

3 

4 

11 

1.5 

Massachusetts 

13 

* 

* 

1 

* 

11 

.9 

Michigan 

13 

1 

2 

3 

2 

5 

2.8 

Minnesota 

44 

10 

10 

8 

6 

11 

.9 

Montana 

10 

0 

2 

1 

1 

7 

.4 

Nebraska 

10 

1 

2 

3 

3 

2 

1.0 

New  Hampshire 

18 

1 

2 

3 

2 

10 

1.6 

New  Jersey 

25 

2 

3 

3 

2 

14 

.4 

New  York 

24 

* 

* 

* 

* 

23 

1.9 

North  Dakota 

40 

6 

7 

10 

13 

4 

.1 

Oregon 

15 

* 

2 

4 

3 

6 

.7 

Pennsylvania 

25 

2 

6 

6 

4 

7 

2.3 

Rhode  Island 

42 

0 

0 

8 

0 

34 

* 

South  Dakota 

17 

3 

6 

2 

1 

5 

.3 

West  Virginia 

30 

5 

8 

5 

4 

8 

1.4 

Wisconsin 

24 

2 

4 

5 

4 

9 

1.7 

REGION 

South 

3 

* 

* 

1 

1 

1 

66.0 

Central 

8 

1 

1 

1 

1 

2 

13.7 

Northeast 

20 

1 

2 

3 

2 

12 

10.0 

Lake  States 

20 

2 

4 

4 

3 

7 

5.4 

Plains  and  Rockies 

8 

1 

2 

1 

1 

3 

2.1 

Pacific  Coast 

7 

* 

1 

2 

1 

3 

2.8 

TOTAL  UNITED  STATES 

7 

1 

1 

1 

1 

3 

100.0 

Forest  average  tract  size  will  probably  still  exceed 
that  of  1974  FIP. 

In  conclusion,  the  tract  size  distribution  of  1974 
FIP  is  generally  good,  both  in  relation  to  available 
evidence  on  economies  of  scale  and  to  the  perform- 
ance of  similar  programs.  The  small  tracts  that  are 
treated  under  FIP  are  still  a  problem,  however. 


Per-Acre  Treatment  Costs 


Treatment  costs  have  a  direct  influence  on  finan- 
cial returns,  especially  with  costly  initial  practices  and 
long  rotations  where  a  large  interest  charge  accumu- 
lates. Total  costs,  private  plus  Federal  share,  repre- 
sent the  entire  direct  investment  cost  and   permit 


comparison  with  industry  and  Forest  Service  costs. 
Technical  assistance  and  administrative  overhead 
costs  are  not  included,  however. 

Total  cost  was  calculated  by  dividing  the  Federal 
cost  per  acre  by  the  percentage  of  Federal  cost-share 
rates.  This  procedure  may  not  always  yield  accurate 
individual  total  direct  cost  estimates;  however,  if  the 
Federal  cost  share  is  properly  determined  at  the  State 
and  County  levels,  the  average  total  cost  for  a  group 
of  tracts  should  be  accurate. 

Total  per-acre  cost  is  used  directly  as  an  indicator 
of  performance  because,  if  other  factors  are  equal, 
lower  costs  result  in  greater  cost  effectiveness  and 
higher  financial  returns.  The  variation  of  treatment 
costs  within  and  among  States  was  also  analyzed,  and 
FIP  costs  were  compared  with  costs  experienced  by 
others. 
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Per- Acre  Costs  of  1974  FIP 

The  average  total  cost  for  site  preparation  and /or 
planting  in  1974  was  $52  per  acre  (see  table  1).  The 
average  cost  in  the  Northeast  and  Lake  States  ($41) 
was  below  the  national  average,  the  Pacific  Coast  cost 
($82)  was  above  the  national  average,  and  the  Plains 
and  Rocky  Mountain  average  ($104)  was  considerably 
above  the  national  average. 

The  national  average  for  intermediate  treatments 
was  $29  per  acre.  The  averages  for  the  South, 
Central,  and  Lake  States  regions  were  equally  low, 
while  costs  in  the  Plains  and  Rockies  and  the  Pacific 
Coast  were  twice  the  national  average. 

Costs  on  most  acres  treated  in  1974  ranged  between 
$21  and  $50  per  acre  (table  6,  fig.  2).  Some  regional 
differences  in  cost  patterns  are  only  partially  reflected 
in  the  average  costs,  however.  For  example,  a  much 
smaller  proportion  of  the  acres  treated  in  the  North- 
east cost  less  than  $20  per  acre  than  in  adjacent 
regions. 

While  the  average  costs  for  1974  FIP  are  generally 
favorable,  over  8,000  acres  were  treated  at  a  total  cost 
that  exceeded  $100  per  acre.  Most  of  this  higher  cost 
component  (89  percent)  involved  site  preparation  and 
planting,  and  occurred  primarily  in  the  South  (62 
percent).  Most  of  the  balance  was  in  the  West  (21 
percent). 

As  with  small  tract  size,  not  all  of  these  high-cost 
site  preparation  and  planting  cases  should  be  by- 
passed as  unprofitable.  Anderson  and  Guttenberg 
(1971),  for  example,  estimated  that  a  $100-per-acre 
investment  in  slash  pine  plantations  on  medium  sites 
would  yield  above  4  percent  return.  Plantations  that 
cost  only  $50  per  acre  would  yield  about  6.5  percent 
return,  however,  and  twice  as  many  acres  could  be 
treated. 


Figure  2.  — Percentage  of  acres  treated   by  total  direct 
cost  classes  and  average  cost. 


Variation  of  Per-Acre  Costs 
Among  and  Within  States 

Some  States  had  higher  average  costs  than  others, 
just  as  some  had  larger  average  tract  sizes  than 
others.  Restricting  the  comparison  again  to  States 
that  treated  more  than  2,000  acres,  average  costs 
were: 


Highest  costs  per  acre: 

Site  preparation  and/or  planting — 

North  Carolina 

$79 

South  Carolina 

68 

Texas 

56 

Intermediate  treatments — 

Pennsylvania 

48 

Ohio 

47 

New  Hampshire 

41 

Lowest  costs  per  acre: 

Site  preparation  and/or  planting  — 

Michigan 

33 

Arkansas 

36 

Louisiana 

37 

Intermediate  treatments — 

Georgia 

19 

Mississippi 

19 

Missouri 

19 

Oklahoma 

18 

Total 

United 

States 


Percent 


1 1 r 

20      40      60     80 
Dollars/acre 
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Table  6. --Percentage  of  treated  acres  in  four  cost-per-acre  classes,  by  region^  and  practice' 

Cost/acre  class  . 

Region  and  practice  verage 

$1-20   $21-50   $51-80   $81+ cost/acre 

%  %  %  % 

SOUTH 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

CENTRAL 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

NORTHEAST 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

LAKE  STATES 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

WEST 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

TOTAL  UNITED  STATES 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total  19      48      22     11  43 

^Regions  include  the  same  States  as  shown  in  table  1  except  West  includes  both  the 
Rocky  Mountains  and  the  Pacific  Coast. 

^Site  preparation  and/or  planting  includes  RE-3  (plant  bare  land  and  planting  after 
site  preparation),  and  one  practice  from  RE-4  (site  preparation  for  natural  regenera- 
tion); other  practices  are  components  of  RE-4. 


12 

37 
41 

36 
63 
58 

34 

1 
1 

18 
0 

$53 
23 
23 

17 

41 

28 

14 

47 

18 
36 
41 

44 
55 
53 

24 
6 

5 

15 
3 

1 

52 
29 
26 

34 

52 

9 

5 

33 

18 

6 
15 

55 
84 
75 

25 

10 

9 

2 
1 
1 

41 
36 
32 

10 

76 

13 

1 

37 

10 
42 
40 

64 
55 
57 

25 
3 

1 

2 
0 
2 

41 
24 
28 

24 

60 

15 

1 

35 

4 
13 

24 
39 
24 

27 
23 
47 

45 
26 
29 

85 
64 
68 

8 

32 

26 

34 

73 

12 
27 
38 

39 
64 
57 

32 
6 

4 

15 
3 
1 

52 
31 
26 
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The  average  total  cost  of  site  preparation  and/or 
planting  in  the  more  costly  States  was  about  twice  as 
much  as  in  the  least  costly  States.  Note  that  North 
Carolina,  which  spent  20  percent  of  the  Federal  cost- 
share  funds  in  1974  and  much  more  than  its  original 
apportionment,  had  site  preparation  and/or  planting 
costs  roughly  50  percent  higher  than  the  average  in 
the  South.  Although  Virginia  was  not  one  of  the 
States  with  lowest  costs,  it  only  spent  40  percent  of  its 
original  apportionment;  its  average  total  cost  for  site 
preparation  and/or  planting  was  30  percent  below  the 
Southern  average. 

Per-acre  treatment  costs  varied   among   adjacent 
States  for  the  same  practice: 

Treatment  costs  per  acre 
Plant  Site  preparation 

bare  land  and  planting 


Southeast: 

Virginia 

$21.54 

$42.79 

North  Carolina 

35.37 

82.98 

South  Carolina 

22.38 

83.37 

Georgia 

23.77 

45.86 

Lake  States: 

Michigan 

33.73 

30.41 

Wisconsin 

44.81 

45.54 

Minnesota 

52.04 

63.08 

Moak  and  Kucera  (1975)  found  that  treatment  costs 
were  higher  in  the  northern  Coastal  Plain  of  the 
South  than  in  the  southern  Coastal  Plain,  but  not 
enough  to  explain  the  above  cost  differences.  South 
Carolina  and  North  Carolina  spent  almost  twice  as 
much  per  acre  on  site  preparation  and  planting  as 
did  Virginia  and  Georgia.  Similarly,  Minnesota  spent 
more  than  Wisconsin,  which  in  turn  spent  more  than 
Michigan,  despite  the  fact  that  the  same  species  were 
planted  throughout  the  region. 

Per-acre  treatment  costs  also  varied  considerably 
within  the  States.  The  dispersion  of  per-acre  treat- 
ment costs  within  a  State  (index  of  variability)  was 
measured  by  determining  the  dollar  cost  span  re- 
quired to  encompass  80  percent  of  the  acres  treated 
with  one  practice.  In  24  of  the  States  where  more 
than  100  acres  received  site  preparation  and  planting, 
the  cost  span  necessary  to  encompass  80  percent  of 
the  acres  treated  exceeded  $50  per  acre.  In  one 
western  State  a  cost  span  of  $100  per  acre — from  $35 
to  $135 — was  necessary  to  encompass  80  percent  of 
the  acres  receiving  site  preparation  and  planting. 

If  the  only  impact  of  this  cost  variation  were  upon 
the  equity  among  participants  or  an  occasional  over- 
payment for  a  tract,  the  issue  would  become  an 
auditing  question  rather  than  one  of  program  evalua- 
tion. Cost  variation  within  a  State  is  positively  corre- 
lated with  the  average  treatment  cost  in  that  State, 
however.  The  simple  correlation  between  total  cost 
and  the  index  of  cost  variation  was  calculated  for  the 
South,  North,  West,  and  total  United  States  for  four 


narrow  practice  groups.  For  the  North  and  South,  a 
positive  correlation  significant  at  the  90  percent  level 
or  higher  was  found  in  six  of  the  eight  tests  made. 
The  positive  correlation  was  significant  at  the  99  per- 
cent level  for  all  four  practice  groups  when  the 
regions  were  combined. 

It  is  uncertain  what  causes  this  variation.  Costs  do 
vary  from  one  part  of  a  State  to  another  because  of 
labor  cost  and  terrain  differences,  but  it  is  doubtful 
that  such  factors  can  explain  this  much  variation. 
Differences  in  the  method  of  estimating  ceiling  per- 
acre  costs  may  partially  explain  the  variations. 

Comparison  of  Costs  With  Other  Programs 

The  average  per-acre  costs  in  1974  FIP  are  of  the 
same  general  magnitude  as  costs  experienced  by 
others.  Planned  spending  by  Weyerhaeuser  on  its 
lands  in  1974^  provides  one  basis  for  comparison. 
The  planned  cost  for  site  preparation  and  planting, 
derived  by  dividing  total  planned  spending  by  total 
acres,  was  $80  per  acre — slightly  less  than  the  site 
preparation  and  planting  cost  for  FIP  in  the  Pacific 
Coast  ($88  per  acre).  Weyerhaeuser's  planned  pre- 
commercial  thinning  cost  was  $38  per  acre,  con- 
siderably less  than  FIP  cost  of  $62  per  acre. 

Moak  and  Kucera  (1975)  compiled  1974  estimates 
of  treatment  cost  from  101  questionnaires  returned  by 
individuals,  private  firms,  and  public  agencies  in  the 
South.  Their  costs  averaged  about  the  same  as  costs 
for  similar  practices  in  1974  FIP.  West  Gulf  Coastal 
Plain  treatment  cost  estimates  collected  by  Sunda  and 
Lowry  (1975)  are  slightly  lower  than  1974  FIP  costs. 

Row  5  compiled  data  on  the  cost  of  Forest  Service 
silvicultural  service  contracts  let  in  1970.  .Although 
the  costs  are  not  strictly  comparable,  when  the  1970 
contract  costs  are  inflated  by  the  wholesale  price 
index  up  to  1974,  the  Southern  costs  are  similar  to 
FIP  costs. 

The  average  costs  for  1972  REAP  forestry  practices 
provide  yet  another  basis  for  comparison.  When  the 
1972  REAP  costs  are  inflated  by  the  wholesale  price 
index  to  1974,  they  are  generally  the  same  as  the  1974 
FIP  costs  (table  7).  Moak  and  Kucera  (1975)  found, 
however,  that  the  cost  of  forestry  practices  in  the 
South  increased  more  than  the  wholesale  price  index. 
Therefore,  FIP  costs  might  actually  compare  more 
favorably  with  REAP  costs  than  table  7  indicates. 

In  conclusion,  the  general  per-acre  cost  perform- 
ance of  1974  FIP  is  favorable,  both  in  relation  to 
acceptable  financial  returns  and  the  costs  perform- 
ance of  similar  programs.  There  is  a  high-cosl 
component,  however,  and  some  substantial  cost  i 
variations  that  are  difficult  to  explain. 


From    correspondence    between    Weyerhaeuser    and    the 
USDA  Forest  Service,  August  1,  1974. 

^Row,  Clark.  1971.  Silvicultural  service  contract  cost  study 
FY  1970.  Office  report,  Forest  Economics  &  l\Aarketing  Re- 
search, USDA   Forest  Service,  Wash.  D.C.,  15  p. 
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able  7. --Total  per-acre  costs'  for  REAP  and 
FIP,  by  region^  and  practice 


Tree 

Intermediate 

Region 

plan 
REAP  3 

ting 
FIP" 

treatments 

REAP5 

FIP« 

>outh 

$  35 

$   53 

$11 

$23 

entral 

74 

52 

25 

27 

ortheast 

53 

41 

37 

36 

ake  States 

51 

41 

25 

26 

lains  and  Roc 

kies 

118 

104 

35 

65 

acific  Coast 

ted 

55 

82 

38 

63 

Total   Uni 

50 

52 

21 

29 

States 

1972  REAP  costs  were  inflated  at  the  whole- 
sale Price  Index  up  to  1974  for  comparability. 
Regions  include  the  same  States  shown  in  table 
1. 

Includes  the  REAP  A-7  practice. 
Tree  planting  includes  planting  bare  land, 
planting  after  major  and  minor  site  prepara- 
tion, and  site  preparation  for  natural  regen- 
eration, i.e.,  RE-3  plus  site  preparation  for 
natural  regeneration. 
Includes  the  REAP  B-10  practice. 
Intermediate  treatments  include  precommercial 
thinning,  understory  release,  cull  tree  re- 
moval, and  pruning,  i.e.,  RE-4  minus  site 
preparation  for  natural  regeneration. 


Site  Productivity 


The  site  quality,  or  inherent  ability  of  the  site  to 
reduce  timber,  has  a  major  impact  upon  timber 
leld  and  therefore  upon  cost  effectiveness  of  the 
rogram . 


npact  of  Site  Class  on  Financial  Return 


Numerous  timber  investment  case  studies  provide 
itimates  of  return  on  different  site  classes.  Anderson 
id  Guttenberg  (1971)  estimated  that  the  rate  of 
turn  from  unthinned  loblolly  pine  plantations  was 
lUghly  11  percent  on  good  sites  and  9  percent  on 

edium  sites.  Row  (1974)  estimated  similar  impacts 
I  site  class  upon  returns  in  natural  southern  pine 
lands.  Lundgren  (1966)  estimated  that  the  return  for 
:|d  pine  plantings  on  site  index  60  land  was  4.8 
fercent,  but  that  the  return  for  site  index  45  land 
(fopped  to  3.3  percent.  Manthy's  (1970)  estimate  for 
ijd  pine  plantings  showed  a  similar  impact  of  site 
(lality  on  returns.  Herrick  and  Morse  (1968)  showed 
^iat  site  quality  has  a  greater  impact  on  returns  from 
ijinning  and  cull  tree  removal  in  upland  hardwoods 
1an  in  the  conifer  plantation  cases  cited.  In  those 


upland  hardwood  cases,  the  return  was  6.8  percent 
on  site  index  60  tracts  and  zero  on  site  index  40 
tracts. 

The  site  class  of  each  tract,  measured  in  potential 
cubic  feet  of  growth  per  acre  per  year,  was  estimated 
by  the  service  forester  who  handled  the  case.  While 
the  local  forester  may  be  the  most  qualified  to  make 
the  site  estimate,  it  is  still  a  difficult  judgment, 
especially  for  nonstocked  areas  or  areas  that  will  be 
converted  to  a  species  not  currently  growing  there. 
For  example,  MacLean  and  Bolsinger  (1973,  1974) 
found  that  the  site  class  of  nonstocked  land  in  certain 
regions  of  California  is  frequently  overestimated. 
They  found  it  necessary  to  develop  a  regression 
equation  based  upon  physical  factors  and  indicator 
plants  to  gain  a  more  accurate  site  class  estimate. 
Because  of  these  difficulties,  the  FIP  site  class  esti- 
mates may  not  be  as  accurate  as  estimates  of  other 
parameters  on  FIP  tracts. 


Productivity  of  Sites  Treated  in  1974  FIP 


The  South  generally  treated  better  sites  than  other 
regions  (table  8,  fig.  3).  Only  15  percent  of  the 
acres  treated  were  in  the  50-  to  85-cubic-foot  site 
class,  compared  with  an  average  of  39  percent  for 
other  Eastern  regions.  The  majority  of  the  acres 
treated  in  the  South  (69  percent)  and  the  total 
program  (59  percent)  were  classed  as  85-  to  120- 
cubic-foot  sites.  A  higher  proportion  of  the  acres 
treated  in  the  West  fell  in  the  120+  cubic-foot  site 
class  than  in  the  South,  mostly  because  of  the  excel- 
lent sites  treated  in  Oregon.  The  West  also  had  a 
higher  proportion  of  acres  treated  in  the  50-  to  85- 
cubic-foot  site  class  than  the  South. 

The  Central  region  treated  the  least  productive 
sites.  Almost  half  of  the  acres  treated  fell  in  the  50-  to 
85-cubic-foot  site  class.  The  poor  sites  treated  in  the 
Central  region  may  be  a  problem  because  much  of 
the  region's  treatment  acreage  involved  intermediate 
treatments  in  oak-hickory,  which  generally  yield  low 
returns  when  applied  to  poor  sites. 

States  varied  in  the  productivity  of  sites  treated, 
just  as  they  did  in  the  other  indicators  of  cost  effec- 
tiveness. Examples  of  varying  site  productivity  in  the 
South  are: 


Percent  of  acres  treated, 

by  site  class  (cubic  feet) 

120+        85-120        50-85 


Better  sites: 

South  Carolina 

37 

57 

6 

Virginia 

24 

69 

7 

Mississippi 

20 

75 

5 

Poorer  sites: 

Arkansas 

16 

55 

29 

Florida 

15 

57 

28 

Texas 

6 

68 

26 

15 


Table  8. --Percentage  of  acres  treated  in  various  site 
classes,  by  region^  and  practice^ 


Region  and  practice 


Site  class 
(cubic  feet) 


120+   85-120   50-85 


SOUTH 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

CENTRAL 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

NORTHEAST 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

LAKE  STATES 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

WEST 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total 

TOTAL  UNITED  STATES 

Site  preparation  and/or  planting 
Precommercial  thinning  and  release 
Cull  removal  and  pruning 

Total  17     59     25 

'Regions  include  the  same  States  as  shown  in  table  1  except 
West  includes  both  the  Rocky  Mountains  and  the  Pacific 
Coast. 

^Site  preparation  and/or  planting  includes  RE-3  (plant  bare 
land  and  planting  after  site  preparation),  and  one  prac- 
tice from  RE-4  (site  preparation  for  natural  regeneration); 
other  practices  are  components  of  RE-4. 


15 
19 
20 

72 
56 
65 

13 
26 
16 

16 

69 

15 

14 
13 
11 

46 
34 
40 

40 
53 
49 

12 

39 

49 

27 
25 
28 

48 
43 
45 

25 
32 
28 

26 

44 

30 

8 
24 
14 

59 
42 
27 

34 
34 
58 

13 

48 

38 

42 

26 

0 

41 
31 
17 

17 
43 
83 

32 

35 

33 

16 
19 
15 

68 
44 
45 

16 
36 
39 
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REGION 


South 


Central 


Figure  3.  — Percentage  ot  acres  treated  by  site  class. 


Percent 


Note  that,  while  the  percentage  of  acres  treated  in 
the  85-  to  120-cubic-foot  class  is  about  the  same  for 
the  two  groups,  the  percentages  in  the  higher  and 
lower  site  classes  are  nearly  reversed. 

USDA  Forest  Service  estimates  of  regional  acreages 
of  all  nonindustrial  private  forest  land  in  site  classes 
above  50  cubic  feet  do  not  correspond  closely  with 
the  site  class  distribution  of  FIP  acres  treated  by 
region.  For  example,  the  South  and  Central  regions 
have  a  similar  distribution  of  nonindustrial  private 
acreage  among  the  50+  cubic-foot  classes:^ 

Percent  of  total  acres, 
by  site  class  (cubic  feet) 
120+  85-120  50-85 

South  8  34  59 

Central  5  36  58 

By  contrast,  the  reported  FIP  site  performance  in  the 
South  is  quite  a  bit  better  than  in  the  Central  region 
Usee  table  7).  How  much  this  difference  is  caused  by 
!|actual  differences  in  performance  and  how  much 
results  from  data  difficulties  is  uncertain. 


Unpublished  data  from  the  files  of  the  Resource  Supply 
'^nd  Evaluation  Techniques  Unit,  Rocky  Mountain  Forest  and 
Range  Experiment  Station,  USDA  Forest  Service,  Fort  Collins, 
tolorado. 


The  only  site  class  information  available  for  other 
public  assistance  programs  is  that  compiled  by 
Westat  (1972)  for  management  plans  prepared  in 
selected  States  in  1967  under  the  Cooperative  Forest 
Management  (CFM)  program.  Although  the  site 
classes  are  divided  into  different  ranges,  the  distribu- 
tion is  similar  to  or  a  little  lower  than  that  experi- 
enced in  1974  FIP: 


Site  class 

140+  cubic  feet 
70  to  140  cubic  feet 
Less  than  70  cubic  feet 


Percent 
of  area 

19 
60 
21 


Program  Performance  as  Reflected  in 
Combined  Cost-Effectiveness  Indicators 

Except  for  extreme  cases,  high  costs  alone  are  not 
certain  indications  of  poor  financial  returns  any  more 
than  low  costs  insure  high  returns.  The  interaction  of 
a  number  of  cost-effectiveness  factors  determines  the 
eventual  return.  In  table  9,  the  percentage  of  acres 
treated  in  each  region  are  distributed  by  three  site 
classes,  three  tract-size  classes,  and  four  total-cost 
classes.  This  makes  it  possible  to  see,  for  example,  if 
the  small  tracts  in  the  North  are  also  associated  with 
high  costs  or  low  sites,  and  if  the  low  costs  in  the 
Central  region  are  hampered  by  poor  sites. 
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Table  9. --Percentage  of  acres  treated  in  the  respective  regions  by  joint  total  cost-per-acre,  site  and  tract 

size  class 


Region,  site  class. 

Cost 

per 

acre/cl 

ass 

Region,  site  class, 
and  tract  size 

Cost  pe 

r  acre/cl 

ass 

and  tract  size 

$1-20  $21-50  $51-80  $81+ 

$1-20  $21 

-50  $51-80  $81+ 

% 

% 

% 

% 

% 

% 

% 

% 

SOUTH 

CENTRAL 

120+  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

1 
1 
* 

3 
3 
1 

1 
2 

* 

• 
2 

120+  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

2 

1 

* 

2 
3 
2 

1 
1 

* 

* 

85-120  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

L6~  ~ 
4 

1 

12  ' 

11 

5 

2 

14 

3 

~8~l 
2 

85-120  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

5 
2 
2 

5 
1  8 
1  8 

* 
2 
3 

2 
1 

50-85  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

1 
1 

* 

2 
3 

1 

1 
3 
1 

* 

1 

* 

50-85  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

'12" 

l_5_ 

3 

8 

11 

5 

2 
2 

* 

* 

NORTHEAST 

LAKE  STATES 

120+  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

1 
* 

* 

12  1 

* 

2 
2 

* 
* 

120+  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

2 
2 
1 

3 

4 

* 
1 

* 

85-120  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

2 
1 

2I 

9, 

22  1 

* 
2 
5 

* 
* 

85-120  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

2 

4 

5 

* 

;"9" 

,17 

1 
1 
9 

1 

50-85  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

3 
1 
1 

3 

8 

11 

* 
1 

* 

50-85  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

* 
4 
4 

1 

1  2 
111 
115  1 

1 
2 

* 

PLAINS  AND  ROCKIES 

PACIFIC  COAST 

120+  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

4 

2 
1 
1 

3 

* 

1 

120+  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

2 

1 

2 
5 

4 

1 
1  8 
1  8 

~~f\ 
91 

85-120  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

1 
* 

5 
1 

3 
2 

4 
8 

85-120  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

3 

* 

iT 
4 
4 

1 
1 

"  "Li 
2 

1 
1 

"7' 

5 

50-85  cubic  feet 

5 
2 

* 

7~ 

50-85  cubic  feet 
51+  acres 
16-50  acres 
1-15  acres 

— 

— 

1 

* 

51+  acres 
16-50  acres 
1-15  acres 

1  7 

1  16 

3 

41 

7 
4 

5 
4 

TOTAL  UNITED  STATES 


120+  cubic  feet 

51+  acres 

2 

2 

1 

* 

16-50  acres 

1 

3 

2 

1 

1-15  acres 

* 

3 

1 

1 

85-120  cubic  feet 

2 

51+  acres 

1  5 

9  1 

-- 

16-50  acres 
1-15  acres 

1  3 

1 

10 

L8J 

10 
3 

6 
2 

50-85  cubic  feet 

51+  acres 

3 

3 

1 

* 

16-50  acres 

2 

6 

2 

1 

1-15  acres 

1 

4 

1 

* 

Note:  Because  of  rounding,  percentages  may  not 
add  to  100. 

*  Less  than  0.5%. 

'The  regions  contain  the  same  States  as  shown 
in  table  1.  The  boxes  within  the  regional 
tables  contain  roughly  50  percent  of  the  acres 
treated  in  that  region,  derived  by  enclosing 
the  closest  large  cells. 
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It  is  apparent  from  this  joint  rating  that  a  rather 
arge  proportion  of  the  FIP  investments  have  the 
)otential  to  produce  substantial  timber  yield  in- 
Teases  and  favorable  financial  returns.  One  measure 
)f  favorable  program  components  is  the  percentage  of 
he  regional  acreage  on  moderate  to  large  tracts  (16  + 
icres),  on  favorable  sites  (85+  cubic  feet),  treated  at 
ow  to  moderate  cost  (less  than  $50  per  acre  for  total 
:ost).  Similarly,  the  acreage  in  the  low  site  class  (50 
o  85  cubic  feet),  on  medium  to  small  tracts  (less  than 
)0  acres),  that  required  moderate  or  high  costs 
$20+  per  acre)  can  be  tentatively  identified  as  the 
east  desirable  component.  Figure  4  shows  the  per- 
:entage  of  the  acres  treated  in  each  region  that  fell 
nto  the  "most"  and  "least"  cost-effective  compo- 
lents.  The  South  rates  high  when  the  cost-effective- 
less  indicators  are  combined  as  well  as  when  they  are 
iddressed  separately. 

Specific  problem  areas  are  also  apparent  in  table  9. 
"or  example,  although  both  the  Pacific  Coast  and 
'lains  and  Rockies  had  a  large  high-cost  component, 
he  high  costs  in  the  Pacific  Coast  were  on  moderate 
o  highly  productive  sites.  The  higher  costs  in  the 
'lains  and  Rockies,  however,  were  predominantly  on 
)oor  sites.  The  small  tracts  in  the  Northeast  and  Lake 
>tates  were  frequently  treated  at  low  or  moderate 
:osts,  but  a  large  proportion  of  the  small  tracts  were 
m  poor  sites.  Similarly,  while  a  major  share  of  the 
icres  treated  in  the  Central  region  involved  low  costs, 
hey  also  involved  intermediate  oak-hickory  treat- 
nents  on  poor  sites.  The  high-cost  component  in  the 
>outh  is  also  clear  in  table  9,  but  it  typically  involves 
jte  preparation  and  planting  practices,  most  of 
vhich  may  be  acceptable  except  on  poor  sites. 


REGION 
South 

Central 

North- 
east 

Lake 
States 

Plains  & 
Rockies 

Pacific 
'  Coast 

Total 

United 

States 


Most  cost-effective  component 
Least  cost-effective  component 


Net  Impact  of  FIP  on  the  Level 
of  Forestry  Investment 

One  question  invariably  raised  in  discussions  of 
assistance  programs  is  whether  the  program  has  any 
net  impact  upon  investment  activity.  There  is  no  easy 
or  cheap  way  to  accurately  estimate  net  program 
impact. 

Roughly  half  of  the  Agricultural  Conservation  Pro- 
gram (ACP)  recipients  in  Michigan  questioned  by 
Yoho  and  James  (1958)  said  they  would  have  under- 
taken the  forestry  practice  in  spite  of  the  cost-share. 
About  70  percent  of  the  REAP  tree  planting  partici- 
pants in  Minnesota  questioned  by  Gregersen  et  al. 
(1975)  said  they  still  would  have  undertaken  the 
practice  if  a  smaller  Federal  cost-share  was  provided. 
It  is  difficult,  however,  for  a  recipient  to  conclude 
what  he  would  have  done  in  a  situation  which  he 
never  faced. 

Gregersen  et  al.  (1975)  estimated  that  41  percent  of 
the  REAP  recipients  they  studied  could  have  earned 
their  alternative  rate  of  return  without  a  Federal  cost- 
share,  and  imply  that  the  reason  the  investments  had 
previously  gone  begging  was  the  lack  of  technical 
assistance.  A  substantial  divergence  between  the 
owner's  goals  and  the  goal  of  financial  maximization 
may  also  explain  these  results. 

From  1970  to  1972,  REAP  tree  planting  consti- 
tuted over  50  percent  of  the  acres  planted  on  non- 
industrial  private  lands  (USDA-ASCS  1973,  and 
previous  issues;  USDA-FS  1973a,  and  previous  is- 
sues). This  does  not  prove,  however,  that  acreage  was 
treated  only  because  the  assistance  program  was 
offered. 

In  Westat's  (1972)  study  of  the  Cooperative  Forest 
Management  (CFM)  program,  a  positive  correlation 
between  percentage  Federal  cost-share  rate  and 
practice  adoption  was  observed.  A  10  percent  in- 
crease in  cost-share  rate  led  to  an  estimated  5  percent 
increase  in  adoption  rate. 

The  question  of  net  program  impact  is  simply  not 
easy  to  answer. 


Figure  4.— Percentage  of  acres  treated  in  the  "most"  and 
"least"  cost-effectiveness  components. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

Data  for  the  first-stage  evaluation  indicates  that 
1974  FIP  generally  performed  well  in  meeting  its 
primary  goal  of  cost-effective  timber  production. 
Some  low-performance  components  were  identified, 
but  this  is  not  surprising  for  the  tlrst-year  offering  of 
a  substantial  assistance  program  delivered  through 
three  cooperating  agencies. 

Although  the  problem  areas  were  not  large  and 
there  arc  some  explanations,  any  poor  investments 
detract  from  the  program  goal.  Also,  since  some 
intermediate  treatments  may  not  be  applied  and  some 
plantings  may  not  be  retained  until  maturity,  as 
many  problems  as  possible  should  be  eliminated 
before  the  initial  investments  are  committed. 

The  ideal  way  to  eliminate  problem  areas  before 
the  initial  investment  stage  is  to  use  a  capital  budget- 
ing approach.  First,  the  financial  return  of  stylized 
investment  cases  covering  a  range  of  practices,  sites, 
and  costs  would  be  estimated.  The  stylized  cases 
would  subsequently  be  ranked  by  financial  return,  so 
that  the  ranking  could  be  used  to  set  the  priority  of 
FIP  applicants.  The  ranking  could  also  be  used  to 
determine  which  applicants  should  be  denied  because 
they  fail  to  show  an  acceptable  return  (such  as  5 
percent). 

Webster  (1960)  constructed  a  capital  budget  rank- 
ing of  timber  investments  in  Pennsylvania.  Colorado 
has  proposed  using  this  approach  for  FIP,  and  some 
southern  States  are  using  a  similar  mechanism  for 
setting  maximum  cost  levels.  This  approach  should 
be  encouraged  in  States  where  a  restricted  number  of 
practices,  forest  types,  and  sites  are  encountered. 

While  desirable,  it  is  questionable  if  a  nationwide 
ranking  of  even  stylized  investment  cases  could  be 
developed.  The  diversity  of  investments  is  too  great, 
and  existing  data  are  too  poor.  The  approach  is  also 
administratively  awkward  unless  there  is  a  large 
backlog  of  applications. 

An  alternative  approach  to  investment  ranking  is 
establishment  of  maximum  and  minimum  standards 
on  the  crucial  cost-effectiveness  indicators.  There  is  a 
danger  of  excluding  some  good  investments  by  such 
an  approach,  but  the  most  unfavorable  ones  can  be 
avoided  and  the  standards  are  relatively  simple 
administratively.  One  step  in  this  direction  was  taken 
at  the  inception  of  FIP  when  sites  below  50-cubic-foot 
production  potential  were  excluded.  Performance 
data  from  the  first-stage  evaluation  of  1974  FIP 
provide  the  base  for  four  recommendations.  Although 
the  recommendations  are  basic  to  cost-effective  tim- 
ber production,  they  may  require  modification  after 
the  second  and  third  stages  of  the  evaluation  are 
completed. 


Recommendation  I. — A  minimum  tract  size  of  10 
acres  should  be  established.  The  only  exception  might 
he  for  treatment  of  high-quality  hardwoods  such  as 
black  walnut. 


In  1975  the  States  were  asked  to  establish  their  own 
minimum  size  standards.  The  response  was  not 
encouraging.  A  few  States  set  minimums  of  10  acres 
or  more,  but  most  established  a  very  low  minimum. 
The  response  for  1976  tract  size  limitations  is  more 
encouraging.  Most  of  the  States  set  a  10-acre  mini- 
mum. If  a  10-acre  minimum  had  been  in  force  in 
1974,  not  only  would  numerous  less  desirable  invest- 
ments have  been  excluded,  but  the  average  tract  size 
for  1974  FIP  would  have  been  29  acres  for  site 
preparation  and/or  planting  and  28  acres  for  inter- 
mediate treatments — over  four  times  as  large  as  the 
average  tree  planting  tract  size  for  1972  REAP. 

Under  normal  circumstances,  it  probably  would 
not  be  politically  feasible  to  exclude  participants  by 
means  of  a  minimum  tract  size.  FIP  is  currently 
administered  side-by-side  with  the  forestry  practices 
of  ACP,  however,  and  funding  for  both  is  handled  by 
the  same  agency,  ASCS.  The  small  tracts  could  be 
picked  up  under  ACP's  soil  and  water  conservation 
goal.  Congress  has  already  expressed  the  view  that 
FIP  should  not  be  viewed  as  a  substitute  for  ACP 
forestry  practices  (U.S.  Congress  1975).  Differences 
in  the  administrative  structure  of  the  two  programs — 
especially  county  versus  national  program  control — 
sometimes  hampers  the  flow  of  cases  from  FIP  to 
ACP.  This  problem  needs  to  be  recognized  and  over- 
come. 


Recommendation  2. — Maximum  per-acre  cost 
levels  should  be  established  in  accordance  with  (a) 
what  will  yield  acceptable  financial  returns,  and  (b) 
the  availability  of  lower  cost  investments. 


Many  States  have  voluntarily  implemented  maxi- 
mum  cost   standards    based    upon    financial    return 
studies,  but  a  more  consistent  nationwide  standard  is  r,  , 
necessary.  The  guide  for  acceptable  returns  could  bCKl  i 
tied  to  the  interest  rate  on   certain   U.S.    Treasury 
notes,  as  is  done  in  the  evaluation  of  water  projects. 

Variation  of  per-acre  treatment  costs  within  and 
between  some  States  is  greater  than  can  be  readily 
explained  by  available  information  on  geographic  cost 
variations.  Since  within-State  cost  variation  is  posi- 
tively correlated  with  higher  average  costs,  the  ex- 
planations should  be  found. 
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Recommendation  3. — Determine  the  causes  of  the 
within-  and  between-State  cost  variation. 

The  first  step  of  the  study  may  entail  documenting 
differences  in  labor  and  equipment  costs,  determin- 
ing the  relative  availability  of  vendor  services,  and 
analyzing  the  terrain  impact  upon  costs.  The  second 
step  may  be  an  evaluation  of  how  Federal  cost- 
share  levels  are  set  at  the  State  and  county  levels, 
since  some  of  the  cost  variation  may  be  the  result  of 
lax  cost  controls. 

The  procedure  for  apportioning  Federal  cost-share 
funds  among  the  States,  which  was  developed  in  1973 
and  applied  in  the  1974,  1975,  and  1976  programs, 
used  estimates  of  the  relative  investment  potential 
among  the  States.  Although  some  allocation  prob- 
lems occurred,  it  is  a  defensible  and  objective  pro- 
cedure which  used  the  best  available  data.  Informa- 
tion developed  for  the  first-stage  evaluation  of  1974 
FIP  may  help  overcome  some  problems  in  allocations 
of  FIP  funds  among  the  States. 


Recommendation  4. — Develop  a  new  apportion- 
ment procedure  which  incorporates  information  on 
the  relative  ability  to  deliver  the  program  and  the  cost 
effectiveness  of  the  program  delivered,  as  well  as 
relative  investment  opportunities  among  States. 

The  apportionment  should  be  developed  as  an 
objective  and  well-documented  procedure,  so  it  does 
not  evolve  piecemeal  in  response  to  pressures  from 
individual  States.  It  should  also  be  constructed  to 
incorporate  the  most  recent  information  available  on 
State  performance. 

No  analytical  apportionment  procedure  could  pos- 
sibly contain  all  of  the  factors  which  should  be  con- 
sidered in  the  management  of  a  program  like  FIP. 
Therefore,  some  flexibility  beyond  the  apportionment 
procedure  is  needed.  The  reasons  for  invoking  the 
flexibility  should  be  well  understood,  however,  to 
^void  inconsistency. 

I  Implementing  any  of  these  recommendations  will 
fiot  be  easy  because  some  States  will  receive  lower 
Allocations  than  they  have  in  the  past.  Acceptance  of 
these  recommendations,  however,  should  help  sharp- 
fen  the  focus  of  FIP  on  its  primary  goal  of  cost- 
effective  timber  production. 
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paper  presents  an  appUcation  of  the  multiple  use  principle  using 
economic  analysis  to  evaluate  management  alternatives  on  a  mixed 
conifer  watershed.  Physical  yields  of  sawtimber,  pulpwood,  water,  and 
forage,  and  effects  on  wildlife  habitat  and  esthetics  are  estimated  for 
six  alternatives  reflecting  a  veu-iety  of  management  emphases.  Where 
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ALTERNATIVES  ANALYSIS  FOR 

MULTIPLE  USE  MANAGEMENT: 

A  Case  Study 


Thomas  C.  Brown 


Introduction 

Population  growth  and  economic  development 
are  continually  changing  the  character  of  our  soc- 
iety. One  change  obvious  to  the  public  land  mana- 
ger is  the  increasing  interest  in  and  demand  for 
forest  products.  Demand  is  increasing  for  timber 
harvest,  wilderness,  and  everything  in  between. 
While  some  uses  £ire  compatible,  others  are  con- 
flicting.  The  job  of  determining  the  best  mix  of  for- 
est products  is  becoming  more  complex  and  dif- 
ficult. 

Land  managers  rely  increasingly  upon  ecologic, 
economic,  and  other  analyses  as  input  to  their  de- 
jcisionmaking.  These  analyses  help  managers  to 
more  accurately  reflect  the  best  interests  of  the 
ibody  politic.  They  "sharpen  the  efficiency"  (Kelso 
1964,  p.  61)  of  the  final— poUtical— decision. 

The  most  comprehensive  tj^je  of  analysis  in 
^and  use  planning  is  the  alternatives  analysis, 
iwhich  is  a  genered  comparison  of  management  op- 
tions. Considering  options  is  nothing  new;  all  deci- 
sions are  a  matter  of  choice.  When  individuals 
fiecide  how  to  spend  their  time  or  money,  for  ex- 
limple,  they  necessarily  consider  alternative  ways, 
although  perhaps  not  in  an  organized  fashion.  The 
•iifference  between  individual  allocation  decisions 
^nd  pubhc  ones  is  not  in  the  basic  approach,  but 
rather  in  the  method.  Pkmners  are  not  planning  for 
ihemselves,  but  for  the  pubUc.  Planners  are  ex- 
)ected  to  remain  impartial  and  consider  the  best 
nterest  of  the  general  public.  This  is  best  done  with 
i  comprehensive  analysis  of  Eiltematives. 

Economic  theory  offers  a  framework  for  eval- 
lating  alternatives.  Indeed,  economics  is  defined 
is  "the  study  of  how  men  and  society  end  up  choos- 
rig,  with  or  without  the  use  of  money,  to  employ 
icarce  productive  resources  that  could  have  alter- 
ative uses.  .  ."  (Samuelson  1973,  p.  3). 
Economics  has  a  much  broader  scope  than  the 
opular  notion  equating  economics  with  account- 
ig  or  with  dollars.  The  analysis  of  tradeoffs  in 
Bcisionmaking,  as  presented  in  this  paper,  is  one 
icet  of  this  broader  scope. 

The  purposes  of  this  paper  are  to:  (1)  present  a 
ijneral  outline  for  an  alternatives  analysis,  (2) 
Ifiefly  describe  how  economic  principles  can  be 
opUed  to  help  evaluate  forest  management  alter- 
utives,  and  (3)  show  how  the  analysis  can  be 
I'esented  in  a  useful  form  for  decisionmaking. 


Although  data  from  South  Thomas  Creek  water- 
shed (Arizona)  are  used  to  help  illustrate  the 
procedure,  no  attempt  is  made  to  select  the 
"best"  memagement  plan.  The  emphasis  is  on 
methods  rather  than  results.  Shortcomings  of 
this  type  of  analysis  are  also  summarized.^ 

One  problem  with  using  a  case  study  to  illus- 
trate a  general  technique  is  that  every  case  is 
unique.  Use  of  the  technique  for  other  areas  re- 
quires adjustments  to  the  new  area's  particular 
situation.  South  Thomas  Creek  is  a  small,  heavily 
timbered  area  that  receives  Uttle  recreation  use, 
and  the  analysis  described  herein  reflects  this 
situation.  Extrapolation  of  the  analysis  proce- 
dxires  to  a  much  larger  area  with  heavy  recreation 
use,  for  example,  would  require  some  changes. 
Nevertheless,  the  basic  approach  would  remain 
unchanged. 

Alternatives  Analysis  Procedure 

The  planning  process  can  be  described  as 
having  tlu-ee  basic  stages.  The  first  stage  (stage  1) 
consists  of  assessing  the  management  situation, 
defining  basic  management  assumptions  and  con- 
straints, and  setting  general  goals  and  objectives 
for  an  area,  including  setting  sideboards  on  the 
possible  edternatives  and  specifying  the  schedule 
and  expUcit  procedures  to  be  employed,  including 
data  requirements.  The  second  stage  (stage  2),  the 
topic  of  this  paper,  is  the  formulation  and  analysis 
of  viable  management  alternatives,  a  procedure 
referred  to  herein  as  the  edtematives  analysis 
procedure.  Decisionmaking  is  the  final  stage 
(stage  3).  Interaction  and  overlap  are  essential 
between  each  stage.  Public  involvement  is  impor- 
tant, especially  in  stages  1  and  3. 

The  alternatives  analysis  procedure  is  sepa- 
rated into  four  iterative  steps  (fig.  1).  The  first 
step  (step  1)  consists  of  formulation  of  dtematives 
to  be  analyzed.  Alternatives  are  formulated  in 
light  of  overall  direction  given  in  stage  1  of  the 
planning  process. 

Second  (step  2),  relevant  impacts  of  the  alter- 
natives on  the  various  resources  are  predicted 


'^A  forthcoming  paper  concerning  central  Arizona's  Woods 
Canyon  watershed  will  build  upon  the  foundation  presented  here 
and  present  a  more  thorough  analysis  of  alternatives  with  sen- 
sitivity analyses. 
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Figure  1  .—Alternatives  analysis  procedure. 


inputs  or  outputs 


j  models 


using  available  data  and  response  models  pertinent 
to  the  study  area.  Resources  fall  into  two  groups 
for  evaluation  purposes.  The  first  group  includes 
those  forest  yields  for  which  doUar  values  can  be 
properly  assigned.  For  Thomas  Creek  this  group 
includes  timber,  pulpwood,  water,  and  forage.  Each 
of  these  outputs  becomes  an  input  in  the  produc- 
tion of  some  product  sold  in  the  market  place. 
The  other  group  consists  of  resources  affected  by 
the  alternatives  for  which  the  effects  are  either 
not  quantifiable  or  for  which  appropriate  dollar 
values  could  not  be  assigned  (such  as  wildlife 
habitat  and  esthetics). 

The  third  step  (step  3)  involves  expressing 
the  costs  and  yields  in  dollar  terms,  where  possible. 


and  also  determining  the  effect  of  the  alternatives 
on  the  local  economy.  Economic  base  or  input- 
output  studies  can  often  be  used  to  estimate  im- 
pacts on  local  employment  and  income.  (Because 
of  the  small  size  of  the  study  area  in  this  case, 
however,  alternative  management  directions  are 
not  expected  to  significantly  influence  local  em- 
ployment or  income;  hence  these  effects  were 
ignored.) 

The  final  step  (step  4)  is  a  comparison  of  the  «! 
alternatives  in  terms  of  biophysical,  dollar,  local 
income   and   employment,   and   nonquantifiable 
effects.  The  effects  must  be  presented  in  a  form  iff 
that  facilitates  comparison. 


Study  Area 

South  Thomas  Creek,  a  562-acre  mixed  conifer 
vatershed  on  the  Apache-Sitgreaves  National 
^orest  in  eastern  Arizona  (fig.  2),  is  8,800  feet 
ibove  sea  level,  with  average  annual  precipitation 
)f  28  inches.  Douglas-fir,  white  fir,  and  ponderosa 
)ine  are  the  most  abundant  species,  but  white 
>ine,  Engelmann  spruce,  blue  spruce,  corkbark 
ir,  and  quaking  aspen  are  also  found.  Tree  basal 
irea  averages  180  square  feet  per  acre,  and  saw- 
imber  volume  averages  22,430  board  feet  per 
icre. 

South  Thomas  Creek  has  never  been  logged, 
^uch  of  the  timber  is  mature  or  overmature,  and 
here  is  considerable  downed  wood.  Although 
rhomas  Creek  offers  a  ripe  situation  for  harvest- 
ng  timber,  it  also  has  other  outputs.  Annual  run- 
)ff  averages  160  acre-feet,  much  of  which  reaches 
inal  points  of  use  in  the  Phoenix  metropoUtan 
irea.  The  watershed  provides  habitat  for  wUdlife 
md  some  forage  for  domestic  livestock.  Timber 
larvesting  would  affect  these  and  other  values. 


Thomas  Creek  is  not  visible  from  any  major 
road.  It  is  reached  by  a  httle  used  access  route, 
and  receives  little  recreation  use.  There  are  many 
more  accessible  and  heavily  used  sites  in  the 
general  area. 

For  the  purpose  of  this  evaluation,  Thomas 
Creek  was  divided  into  seven  units  (fig.  2)  which 
correspond  basically  to  land  response  units  (USDA 
FS  1972).  Most  of  units  1  and  2,  at  the  north  end 
of  the  watershed  near  the  weir,  are  on  slopes  from 
35  to  65  percent.  Unit  5a  is  the  relatively  flat  strip 
along  the  intermittent  stream  contiguous  with 
units  1  and  2.  These  three  units  together  comprise 
25  percent  of  the  watershed  (table  1).  If  harvested, 
the  majority  of  these  units  would  require  cable 
logging  because  of  the  steep  slopes.  Units  3  and  4, 
the  bulk  of  the  watershed,  have  slopes  of  less  than 
35  percent.  Unit  5b  is  that  portion  of  the  water- 
way contiguous  with  units  3  and  4,  and  unit  6  is  a 
small  meadow.  Units  3,  4,  and  5b  could  be  har- 
vested in  the  traditional  (tractor  logging)  manner. 


Table    1 . --Descript ion  of   South   Thomas   Creek 
un  i  ts 


Units 

Acres 

Site  index^ 

Description 

1 

36 

90-  95 

slopes>35% 

2 

77 

85-  90 

slopes>35% 

3 

233 

85-  90 

slopes<35^ 

k 

159 

85-  90 

slopes<35^ 

5a 

27 

90-100 

bottom 

5b 

28 

90-100 

bottom 

6 

2 
562 

meadow 

Igure  2.— South  Thomas  Creek  watershed,  located 
within  the  Apache-Sitgreaves  National  Forest,  Ari- 
zona, as  divided  into  seven  units  for  evaluation. 


^See  Alexander    1967,   Minor    196'*. 


Management  Alternatives 

Formulation  of  the  alternatives  to  be  evalu- 
ated is  often  the  most  important  task  of  the  anal- 
ysis. No  degree  of  diligence  in  evaluating  alterna- 
tives can  save  an  analysis  if  the  best  alternative 
is  not  in  the  running. 

It  is  often  desirable  to  initially  formulate  a 
wide  range  of  alternatives  for  preliminary  con- 
sideration, so  as  to  help  assure  that  the  best  al- 
ternative is  bracketed  somewhere  in  the  range. 
By  screening  this  group,  a  representative  set  of 
alternatives  is  then  selected  for  intensive  analysis. 
Although  there  are  no  definite  rules  for  designing 
and  screening  alternatives,  some  direction  is  given 
from  general  management  goals,  objectives,  and 
constraints  as  articulated  in  stage  1  of  the  plan- 
ning process.  Information  on  hand  about  resource 


values  in  the  study  area,  as  well  as  similar  infor- 
mation for  neighboring  areas,  also  helps  define 
the  proper  scope  of  the  alternatives. 

Perhaps  the  most  valuable  qualities  in  select- 
ing alternatives  are  imagination  and  flexibility. 
McKean  (1958,  p.  52)  writes  of  a  common  lack  of 
these  quahties  in  a  simple  consumer  decision: 
"After  exhaustively  comparing  several  camping 
outfits,  and  finally  buying  one,  we  realize  that  we 
should  have  considered  rental  in  order  to  find  out, 
first  of  all,  if  camp  Ufe  lived  up  to  our  expecta- 
tions." While  consideration  of  alternatives  is 
natural  in  human  decisions,  viable  alternatives 
are  often  overlooked. 

Stage  1  of  the  planning  process  established 
two  possible  management  directions  in  Thomas 
Creek:  to  maintain  the  virgin  timber  stand,  or  to 
institute  a  more  intensive  management  scheme. 
Under  the  first  direction,  designated  as  Alterna- 
tive VN  (for  virgin),  the  water,  forage,  recreation, 
wildlife,  and  esthetic  resources  would  continue  to 
produce  much  the  same  as  they  do  now.  Only 
timber  harvesting  would  be  precluded,  at  least 
temporarily;  all  future  options  are  maintained. 

The  other  direction  should  include  as  wide  a 
range  of  choice  as  is  consistent  with  existing  man- 
agement direction  (goals,  objectives,  and  con- 
straints). At  Thomas  Creek,  managers  could 
emphasize  one  or  more  of  the  following:  timber  or 
pulpwood  harvest,  water  runoff,  forage  produc- 
tion, quality  of  wildlife  habitat,  or  esthetics.  Be- 
cause the  dense  timber  stand  completely  domi- 
nates the  landscape  on  Thomas  Creek,  any  inten- 
sive management  scheme  would  necessarily  in- 
volve some  timber  removal.  Furthermore,  because 
Thomas  Creek  has  an  exceptionally  high  potential 
for  producing  timber  relative  to  most  other  Ari- 
zona sites,  alternatives  that  provide  for  some 
near-future  timber  yields  should  be  selected  for 
intensive  analysis. 

The  question  that  intensive  management 
alternatives  should  deal  with  can  be  broken  into 
three  parts:  (1)  what  resource  or  combination  of 
resources  should  be  featured,  (2)  should  harvest- 
ing be  limited  to  the  portion  that  can  be  tractor- 
logged,  and  (3)  what  should  be  the  degree  of  slash 
cleanup?  This  paper  deals  with  the  first  two  parts. 
Inclusion  of  slash  cleanup  alternatives  here  would 
unduly  lengthen  the  paper.  The  methodology  and 
procedures  explained  are  equally  applicable  to 
evaluation  of  slash  cleanup  alternatives. 

Rather  than  letting  one  analyst  design  all  the 
alternatives,  we  asked  several  persons  of  different 
disciplines  to  propose  alternatives  that,  while 
including  some  timber  harvests,  favored  their 


particular  interest.  This  approach  netted  six  alter- 
natives, two  timber-oriented  (alternatives  TM 
and  TM'),  two  water-oriented  (alternatives  WT 
and  WT'),  and  two  wildlife-oriented  (alternatives 
WLandWL'). 

The  timber  harvesting  alternatives  project 
a  20-year  cutting  cycle  over  a  120-year  planning 
horizon.  Because  of  the  possibihty  of  windthrow, 
the  following  rule  of  thumb  was  followed:  a  stand 
cannot  be  thinned  by  more  than  30  percent  of  its 
basal  area  the  first  harvest,  and  not  by  more  than 
35  percent  the  second  harvest  (Jones  1974,  p.  28). 
The  alternatives  also  include  the  following  mea- 
sures: preclearing  of  the  road  installed  for  the 
harvest,  fuelbreaks  around  the  perimeter  of  the 
watershed,  removal  of  slash  above  the  high-water 
mark  along  the  intermittent  stream,  and  piling 
and  burning  of  slash  left  at  the  landings. 

In  alternative  TM  (fig.  3),  trees  are  harvested 
by  tractors  using  a  group  selection  silviculture 
method.  In  alternative  WT^  (fig.  3),  about  40  per- 
cent of  units  3,  4,  and  5b  is  maintained  in  grass  or 
small  trees.  The  openings  are  designed  to  increase 
water  yield  by  reducing  evapotranspiration  and 
trapping  snow,  but  should  also  favorably  affect 
forage  for  livestock  and  habitat  for  deer  and  elk. 
In  alternative  WL"*  (fig.  3),  "wildlife  leave  areas" 
are  designated  to  benefit  various  wildlife  species, 
and  cleared  patches  are  designed  to  create  "edge." 
Alternatives  TM',  WT',  and  WL'  are  cable-logging 
extensions  of  TM,  WT,  WL,  respectively.  With 
each  pair  the  treatment  on  5b  is  extended  to  5a, 
and  that  on  units  3  and  4  to  units  1  and  2. 

This  paper  is  Umited  to  a  representative  set 
of  alternatives  for  ease  of  presentation.  Tractor 
logging  portions  of  units  1,  2,  and  5a,  varying 
degrees  of  thinning  and  cleaning  of  the  stand, 
different  intervals  of  entry,  and  use  of  fertilizers 
are  only  four  possibilities  not  considered. 


Physical  Responses 

Effects  of  the  alternatives  on  forest  resources 
are  estimated  with  the  aid  of  response  models  (see 
fig.  1). 


3  Thompson,  J.  R.  A  water-oriented  timber  tian/est  for  South 
Thomas  Creek.  (Unpublished  manuscript,  1974,  on  file  at  Flocky 
Mt.  For.  and  Range  Exp.  Stn.,  Tempe,  Ariz.) 

^  Adams,  John  K.  Proposed  wildlife  prescription— Thomas 
Creek  watershed.  (Unpublished  manuscript,  1974,  on  file  at 
Apache-Sitgreaves  National  Forest,  Springerville,  Ariz.) 
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Sawtimber  and  Pulpwood 

Alternative  timber  yields  for  South  Thomas 
Creek  were  estimated  with  a  simulation  model 
(MXCNFR)  developed  by  Larson.s  MXCNFR 
simulates  growth,  mortality,  and  reproduction  for 
mixed  conifer  stands  subject  to  user-imposed  har- 
vest or  thinning  activities.  The  model  is  inter- 
active; it  allows  the  user  to  examine  the  timber 
stand  at  specified  time  intervals  and  tailor  each 
cut,  within  the  dictates  of  alternative  prescrip- 
tion, to  the  stand  condition  at  the  "time"  of  the 
cut. 

The  further  timber  growth  and  yield  are 
projected  into  the  future,  the  more  the  possibility 
of  error  increases.  Specific  board  feet  or  other  esti- 
mates of  future  timber  harvests  must  therefore 
be  examined  with  caution.  More  important  for 
choosing  among  alternatives  than  the  specific 
quantity  predicted  for  each  alternative,  however, 
are  the  relative  differences  among  the  quantities 
for  each  alternative.  Predictions  of  the  effects  of 
all  alternatives  are  subject  to  the  same  errors,  so 
by  using  relative  differences  most  of  the  errors 
get  subtracted  out,  and  the  problem  of  inaccurately 

^  Larson,  Frederic  R.  MXCNFR:  A  simulation  model  for  the 
mixed  conifer  type  of  Arizona.  (Unpublistied  manuscript,  35  p., 
1974,  on  file  at  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Flagstaff, 
Ariz.) 


estimating  future  yields  is  mitigated.  If  the  model 
were  exaggerating  future  yields,  for  example, 
yields  of  all  alternatives  would  be  exaggerated, 
and  the  relative  position  of  the  alternatives  in 
terms  of  future  yields  would  not  be  greatly  affected. 

The  main  problem  in  simulating  timber  yields 
results  from  the  practical  necessity,  when  dealing 
with  large  areas,  of  averaging  stand  conditions 
(stand  tables)  over  relatively  homogeneous  areas. 
This  relegates  any  conclusions  from  the  analysis 
to  average  stand  conditions,  and  leaves  decisions 
regarding  small  stands  or  clumps  of  trees  to  more 
intensive  investigations. 

Input  to  MXCNFR  consists  of  initial  stand 
tables,  estimated  adjustments  to  the  mortality 
function,  and  the  desired  timber  cuts  and  thin- 
nings. The  stand  tables  chosen  to  represent 
Thomas  Creek  are  averages  of  inventoried  plots.^ 
Output  from  the  model  consists  of  estimates  (by 
species)  of  board  feet,  cords,  and  square  feet  of 
basal  area  per  acre  harvested,  as  well  as  periodic 
estimates  of  basal  area  in  standing  trees  in  the 
precommercial,  pulpwood,  and  sawtimber  size 
classes. 


°Embry,  Robert  S.,  and  Gerald  J.  Gottfried.  Overstory  and 
multi-product  inventory  of  the  Thomas  Creek  watersheds  {Un- 
published manuscript,  1969,  on  file  at  Rocky  Mt.  For.  and  Range 
Exp.  Stn.,  Tempe,  Ariz.) 


Water  Runoff 


Wildlife  Habitat 


Estimates  of  the  effects  of  eiltemative  harvests 
on  runoff  were  based  on  research  by  Rich  and 
Thompson  (1974).  They  found  that  selection  cuts 
in  mixed  conifer  forests  similar  to  alternative  TM 
did  not  significantly  increase  runoff.  However, 
openings  in  the  forest  greater  than  three  times 
the  height  of  the  surrounding  trees,  similar  to 
those  of  the  water-  and  wildhfe-oriented  alterna- 
tives, were  effective  in  increasing  runoff.  Alterna- 
tive WT',  for  example,  is  expected  to  increase 
average  annual  runoff  by  1.65  inches  (above  the 
past  average  of  3.25  inches)  over  the  entire  water- 
shed following  the  initial  cut  (Rich  and  Thomp- 
son 1974,  p.  6).  The  openings  are  expected  to  re- 
tain their  effectiveness  in  increasing  runoff  (pre- 
dominantly from  snowmelt)  on  Thomas  Creek 
until  the  trees  in  the  opening  reach  half  the  height 
of  the  surrounding  trees.  From  that  point  on,  the 
runoff  increase  declines.  All  runoff  increases  are 
assumed  to  augment  existing  flows  and  thereby 
be  wholly  transported  with  the  normal  flow  to 
points  of  use  downstream. 


Forage 

Forage  production  and  utilization  for  each 
unit  were  estimated  from  basal  area,  slope,  aspect, 
and  soil  data.^  Very  little  utiUzation  is  expected 
on  units  1  and  2  because  of  steep  slopes.  With 
existing  fence  and  water  facilities,  units  5a  and 
5b  should  receive  high  utihzation  (60  percent)  and 
units  3  and  4  a  good  deal  less  (20  to  30  percent). 
Only  alternatives  WT  and  WL  and  their  exten- 

,  sions  (WT'  and  WL'),  because  of  the  clearings 
created,  are  expected  to  increase  forage  produc- 
tion significantly. 

\  Pounds  of  utilizable  forage  were  converted 
into  animal-unit  months  (AUMs).  Physical  yields 
for  the  four  basic  alternatives  on  an  average 
annual  basis  are  Usted  in  table  2. 


Table  2. 

--Average  annual  physical  yields,  South 
Thomas  Creek 

OutDut-              Alternatives 

""'P"'^-'             VN   TM   WT   WL 

Sawtimber  (1 ,000  bd   ft) 
ulpwood  (cords) 
ater  runoff  (acre-ft) 
brage  utilization  (AUMs) 


152 


]^3  ]m 
164  121 
152   195 


124 
160 
171 


12   23   101    36 


Based  on  communication  with  Miles  P.  Hanrahan,  Range 
Staff  Officer,  Apache-Sitgreaves  National  Forest,  Springerville, 
Ariz.,  1974. 


Wildlife  habitat  for  23  species  or  groups  (of 
similar  species)  of  mammals  and  birds  was  ranked 
by  a  team  of  wildUfe  biologists. ^  Based  on  the 
alternative  prescriptions  and  the  timber  simula- 
tions, the  team  was  able  to  arrive  at  a  consensus 
about  habitat  effects  for  each  species  or  group  on 
a  scale  of  1  (poor)  to  5  (good)  for  each  20-year  period 
over  the  120-year  planning  horizon.  A  rating  of 
zero  was  used  when  habitat  was  considered  elimi- 
nated for  a  species  or  group.  The  team  assumed 
that  neighboring  areas  would  be  treated  similarly 
to  Thomas  Creek  (that  surrounding  areas  would 
not  remain  as  refuges  of  virgin  timber  if  Thomas 
Creek  were  treated).  Averaging  over  time,  one 
rating  was  then  assigned  to  each  species  or  group. 
In  most  cases,  the  average  reflected  an  equilibrium 
which  was  anticipated  after  the  first  or  second 
harvest. 


Esthetics 

Daniel  and  Boster  (1976)  and  Arthur  (1975) 
have  added  to  our  understanding  of  people's  rela- 
tive esthetic  preference  for  forested  landscapes. 
Although  their  work  compared  various  cutting 
practices  in  ponderosa  pine  which  are  not  enough 
like  the  Thomas  Creek  alternatives  to  allow  direct 
comparisons,  some  insights  into  the  pubUc's  rela- 
tive esthetic  preference  for  the  Thomas  Creek 
alternatives  can  be  garnered.  The  amount  and 
distribution  of  slash  on  the  ground  appears  to  be 
the  best  single  predictor  of  esthetic  preference. 
Because  the  Thomas  Creek  harvest  alternatives 
provide  for  Uttle  slash  cleanup,  the  harvested 
area  wiU  rate  poorly  esthetically  compared  with 
the  virgin  stand  (alternative  VN).  Also,  in  the 
absence  of  considerable  slash  cleanup,  especially 
in  highly  visible  areas  such  as  along  roads,  there 
is  little  basis  esthetically  for  distinguishing  be- 
tween the  harvest  alternatives.  If  all  slash  were 
cleaned  up,  however,  the  harvested  stands  would 
probably  be  Uked  somewhat  better  than  the  exist- 
ing stand.  (The  virgin  mixed  conifer  stands  con- 
tain considerable  slash  from  natural  sources.) 


Dollar  Valuation 

The  physical  yields  take  on  an  extra  dimen- 
sion when  expressed  in  dollar  terms.  First,  the 
relative  dollar  value  of  an  additional  (marginal) 


^The  team  consisted  of  David  R.  Ration  and  Robert  Vatile 
of  the  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Tempe,  Ariz.,  John  K. 
Adams  and  James  K.  McKibben  of  the  Apache-Sitgreaves  Na- 
tional Forest,  Springerville,  Ariz.,  and  Virgil  E.  Scott  of  the  U.S. 
Fish  and  Wildlife  Service,  Tempe,  Ariz. 


unit  of  each  cardinally  quantified  output  (in  this 
case,  timber,  water,  and  forage)  is  determined. 
This  procedure  not  only  weights  the  outputs  ac- 
cording to  society's  preferences,  but  also  puts 
quantified  outputs  on  a  common  scale  for  com- 
parison. Next,  the  discounted  gross  return  for 
each  alternative  is  calculated  using  the  marginal 
(dollar)  values.  Then  the  discounted  costs  are 
subtracted  to  give  the  net  return  for  each  alter- 
native. 

Where  markets  are  truly  competitive,  re- 
source valuation  is  a  simple  matter  of  observing 
market  prices.  Because  quantified  forest  outputs 
are  not  always  sold  in  competitive  markets,  the 
prices  paid  for  these  resources  do  not  always  re- 
flect their  true  value  to  society  relative  to  all  other 
goods.  In  the  case  of  Thomas  Creek,  most  products 
produced  from  these  forest  outputs— lumber,  feed 
grains  and  forage,  and  Uvestock— are,  however, 
sold  in  relatively  competitive  markets  (hydro- 
electric power  is  an  exception).  For  this  reason, 
the  forest  output  values  were  derived  from  the 
selling  prices  of  the  final  products.  The  variable 
costs— those  which  vary  directly  with  the  quantity 
being  produced— were  subtracted  from  the  product 
selling  price  to  yield  the  maximum  the  producer 
could  pay  for  the  resource  and  stay  in  business 
in  the  short  run  (O'Connell  1972).  This  is  the  mar- 
ginal revenue  product  of  the  output. 

While  this  abiUty-to-pay  method  does  provide 
relative  estimates  of  forest  output  values,  two 
things  must  be  remembered.  First,  the  marginal 
values  apply  only  to  small  changes  in  the  total 
annual  outputs  from  the  overall  area  (the  working 
circle).  The  average  value  of  the  total  annual  yields 


from  the  entire  working  circle  must  take  fixed  as 
well  as  variable  costs  into  account.  Second,  the 
noncompetitive  resource  markets  may  influence 
the  mode  of  production  as  well  as  the  quantity 
and  price  of  the  final  products,  even  if  the  final 
products  are  sold  in  relatively  competitive  markets. 


Stumpage 

To  keep  short-term  price  fluctuations  from 
biasing  long-range  valuations,  sawtimber  stump- 
age  values  for  Thomas  Creek  were  derived  from 
a  5-year  (1970-74)  inflation-adjusted  average 
seUing  price  for  lumber.  Variable  costs  of  harvest- 
ing and  processing  the  logs  (1974  costs)  were  sub- 
tracted from  the  average  lumber  selling  price, 
yielding  values  similar  to  traditional  Forest  Service 
stumpage  values  less  fixed  costs  and  profit  (see 
O'ConneU  1972).  The  derived  sawtimber  stumpage 
values  average  $76  per  thousand  board  feet  (MBF 
log  scale)  for  the  spruce-fir  species,  $130  for  the 
pine  species,  and  $56  for  quaking  aspen.  Although 
pulpwood  yields  were  also  quantified,  an  appro- 
priate value  for  pulpwood  is  not  available  at  this 
time. 


Water  Runoff 

Runoff  increases  from  Thomas  Creek  can  be 
valued  at  three  locations:  (1)  in  streams  leaving 
the  watershed,  (2)  at  hydroelectric  dams  down- 
stream, and  (3)  at  final  points  of  use  in  the  Salt 
River  Valley.  Any  value  to  society  of  the  addi- 


ional  water  for  fish,  wildlife,  and  livestock  uses 
long  existing  streams  leaving  the  watershed  is 
if  questionable  significance.  Measurement  was 
lot  attempted. 

Runoff  passes  through  four  dams  (Roosevelt, 
lorse  Mesa,  Mormon  Flat,  and  Stewart  Mountain) 
s  it  travels  down  the  Salt  River.  The  output  value 
/as  derived  from  the  most  costly  alternative 
lower  source  which  the  added  hydroelectric  power 
eplaces.  Updated  from  Brown  et  al.  (1974),  the 
unoff  increases  are  valued  at  $2.85  per  acre-foot 
1974  prices). 

The  primary  users  of  any  additional  water 
n  the  Salt  River  Valley  are  in  the  agricultural 
ector— there  is  some  unmet  demand  for  the  water 
o  irrigate  relatively  low-valued  feed  grain  and 
orage  croplands.  All  water  demands  for  producing 
dgher-valued  products  are  already  met.  Further- 
nore,  Kelso  et  al.  (1974)  estimate  that  most  higher 
'alued  demands  will  continue  to  be  met,  and  that 
ome  acreage  will  continue  to  produce  feed  grains 
md  forage  crops,  through  at  least  the  year  2015. 
Phis  is  expected  to  happen  even  though  urban 
jrowth  is  projected  to  cause  a  major  decline  in 
igricultural  acreage  in  the  Salt  River  Valley  by 
hat  time.  Updating  Kelso  et  al.  (1974)  to  1974 
)rices,  the  derived  value  for  additional  surface 
low  to  the  valley  is  $12.00  per  acre-foot.  That  is, 
armers  could  not,  on  an  average,  pay  more  than 
>12.00  for  an  extra  acre-foot  of  water  and  break 
sven  in  the  short  run.  This  value  ($12.00)  plus  the 
lydroelectric  power  value  ($2.85)  puts  the  water 
ralue  at  $14.85  per  marginal  acre- foot. 


f orage 

The  forage  value  is  derived  from  the  price  of 
.attle.  Rather  than  attempt  to  deal  with  the  widely 
luctuating  prices  of  the  past  2  years,  a  1972  de- 
ived  value  of  $6.50  per  AUM  was  used  (Brown 
t  al.  1974).  The  $6.50  value  is  just  12  percent 
Teater  than  the  average  western  range  private 
3ase  rate  of  $5.82  per  AUM  for  1974  (USDA  ERS 
i975). 

1  These  dollar  values  for  the  three  primary  out- 
uts  were  applied  to  the  change  in  the  physical 
ields  associated  with  moving  from  alternative 
N  (the  past  management  situation)  to  some 
ther  alternative.  It  was  assumed  that  the  rela- 
ve  position  of  prices  would  not  change  over  time, 
he  stream  of  dollar  yields  over  the  120-year 
lanning  horizon  was  reduced  to  one  present 
^lue^  by  discounting  at  7.0  percent,  as  recently 


recommended  by  the  U.S.  Water  Resources  Coun- 
cil (1973).  Discounting  is  an  accepted  procedure 
for  expressing  society's  time  preference,  and 
brings  into  account  the  opportunity  cost  of  capital. 
Simply  stated,  discounting  future  yields  expresses 
the  assumption  that  a  given  return  (whether  in 
physical  or  monetary  form)  is  worth  more  if  re- 
ceived now  as  opposed  to  some  future  date. 

Annuitiesio  put  present  values  on  an  average 
annual  basis  (table  3),  providing  another  way  to 
express  discounted  time  flows.  Theoretically,  re- 
ceiving the  present  value  today  is  no  more  or  less 
desirable  than  receiving  a  corresponding  annuity 
each  year  for  a  specified  time  period. 

Timber  harvests  account  for  91  percent  of 
gross  returns  for  all  harvest  alternatives  con- 
sidered for  Thomas  Creek.  Water  and  forage 
account  for  8  and  1  percent,  respectively.  Variable 
costs  for  the  following  activities,  which  are  not 
physically  necessary  for  producing  these  outputs, 
were  subtracted  from  gross  returns:  fuelbreaks, 
clearing  the  streambottom,  clearing  the  landings, 
preclearing  the  roads,  precommercial  thinning, 
and  planting.  Subtracting  these  costs  yields  rela- 
tive estimates  of  net  return  for  each  harvest  al- 
ternative (table  3). 


Table    3-"~Annuity   of   marginal^    yields   and    costs 

(dollars),    South    Thomas    Creek    (discount    rate 
'   is    7-0   percent) 


Outputs 

Al ternat  ives 

TM 

WT 

WL 

Stumpage 

$25,776 

$^(2,471 

$31,307 

Water 

861 

302 

Range 

61 

695 

155 

Gross  return 

25,837 

44,027 

31,764 

Cost 

817 

2,492 

2,582 

Net  return 

25,020 

41,535 

29,182 

^Only    the   changes    from   alternative    VN    (the 
marginal    yields    and    costs)    are   valued,    using 
the   derived   marginal    values    given    in    the    text. 


120 
"^Present  value  (PV)  =        1      [Yf/fl  +  i)^],    where    Yf   is    the 
1  t=1 

ipual  cost  or  benefit,  i  is  the  discount  rate,  and  t  is  time  in  years. 


1  '^Annuity  =  PV[i(1  +  i)*l((1  +  if  -  VI 


Tradeoff  Analysis 

How  is  all  this  information  used?  Quite  simply, 
it  allows  the  decisionmaker  to  better  understand 
differences  in  the  consequences  of  viable  alterna- 
tives. Comparing  alternatives  in  terms  of  the  pre- 
dicted major  differences  in  their  effects  helps  the 
decisionmaker  to  focus  his  attention  on  the  key 
issues.  Such  differences  among  alternatives  can 
be  expressed  as  tradeoffs,  which  represent  oppor- 
tunity costs  (whether  expressed  in  dollars  or  not). 
An  opportunity  cost,  or  benefit  foregone,  is  the 
amount  of  one  output  given  up  to  attain  a  given 
amount  of  another  output.  For  example,  by  choos- 
ing a  high  timber  yield  alternative  over  a  lower 
one,  an  opportunity  cost  in  terms  of  foregone 
wildHfe  habitat  may  be  incurred. 

The  task  for  the  analyst  at  this  point  (fig.  1, 
step  4)  is  to  present  the  comparisons  in  a  mean- 
ingful way.  The  comparisons  should  facilitate 
formulation  of  scenarios  that,  if  implemented, 
would  resolve  the  decisionmaker's  chief  concerns. 
Summary  tables  such  as  tables  4  and  5  are  helpful. 
Physical  and  dollar  effects  are  presented  in  these 
tables  as  totals  or  changes  from  the  totals.  In 
addition,  the  wildlife  habitat  ratings  are  sum- 
marized for  the  tables. 


Table  '•.--Average  annual  effects  of  timber  harvest  change 
from  alternative  VN  for  South  Thomas  Creel< 


Table  5- --Average  annual  effects  of  timber  harvest  change 
from  alternative  TM  for  South  Thomas  Creek 


Change  f 

rom 

alternative  VN 

Outputs 

VN 

TM 

WT 

WL 

MARKET 

Sawtimber  (1.000 

bd 

ft) 

-- 

+  11(3 

+  12'4 

+  12'4 

Pulpwood  (cords) 

-- 

+  I6'i 

+  121 

+  160 

Water  runoff  (acre- 

ft) 

152 

-- 

+143 

+  19 

Forage  ut  i 1 izat ion 

(AUMs) 

12 

+  11 

+89 

+2I4 

Economic  effects 

(dollars) 

I 

Gross  return^ 

+25, 8(40 

+'('4,030 

+31,760 

Costs 

+820 

+2, '490 

+2,580 

Net  return 

+25,020 

¥5" 

,5'40 

+29,180 

NON-MARKET 

Ui  Idl ife  habitat 

(Index  1  to  5) 

Class  1 

1.6 

+  1.5 

+  1.8 

+2.1 

Class  2 

I.I4 

+0.5 

+0.2 

+  1.6 

Class  3 

^4.2 

-1.5 

-2.2 

-0.5 

Class  It 

2.6 

+0.9 

+0.2 

+  1.'4 

'Presented  as  an  annuity;  discount  rate  is  7  percent. 
^Includes  returns  from  sawtimber,  water  runoff,  and 
forage  utilization. 


Summarizing  the  wildhfe  habitat  analysis 
presents  a  particular  problem  because  of  the  large 
number  of  species  that  are  affected  by  forest  man- 
agement practices.  Although  detailed  information 
on  each  species  or  group  should  always  be  avail- 
able to  decisionmakers,  summaries  often  facilitate 
decisionmaking.  There  is  no  generally  accepted 


Change 

from 

Outputs 

TM 

alternative  TM 

WT 

WL 

MARKET 

Sawtimber  (1,000  bd   ft) 

1*43 

-19 

-19 

Pulpwood  (cords) 

\(>l* 

-'13 

-I4 

Water  runoff  (acre-ft) 

152 

*m 

+19 

Forage  utilization  (AUMs) 

23 

+78 

+13 

Economic  effects  (dollars)' 

Gross  return' 

+18,190 

+5.930 

Costs 

+1 ,670 

+1,760 

Net  return 

+16,520 

+'4,170 

NON-MARKET 

Wildl ife  habitat 

(Index  1  to  5) 

Class  1 

3.1 

+0.3 

+0.6 

Class  2 

1.9 

-0.3 

+1.1 

Class  3 

2.7 

-0.7 

+1.0 

Class  >* 

3.5 

-0.7 

+0.5 

'Presented  as  an  annuity;  discount  rate  is  7  percent. 
^Includes  returns  from  sawtimber,  water  runoff,  and 
forage  utilization. 


technique  for  summarizing  data  such  as  wildlife 
ratings,  and  numerous  methods  could  be  devised. 
For  this  analysis,  the  wildlife  species  and  groups 
have  been  combined  into  four  classes  based  on 
habitat  requirements  (table  6).  Class  1  includes 
those  species  for  which  habitat  rates  low  (an  aver- 
age of  1.6  on  the  5-point  scale  for  the  species  and 
groups  in  the  class)  with  the  virgin  situation  (al- 
ternative VN),  and  for  which  habitat  improves 
with  all  treatment  alternatives.  Class  2  contains 
species  which  have  low  habitat  ratings  with  VN 
(1.4),  and  for  which  habitat  quality  does  not  gen- 
erally improve  with  the  treatment  alternatives. 
Habitat  for  wildlife  species  in  class  3  rates  high 
with  VN  (4.2),  and  rates  relatively  lower  for  all 
treatment  alternatives.  These  species  generally 
prefer  a  mature,  dense  forest.  Class  4  includes 
those  species  for  which  alternative  VN  provides 
medium  quality  habitat  (2.6),  and  for  which  habi- 
tat either  remains  the  same  or  improves  with  the 
treatment  alternatives. 


Table  6. --Wildl ife  classes  for  Thomas  Creek' 


Class  1 

Class  2 

Class  3 

Class  14 

Mule  deer 

Red-tai led  hawk 

Black  bear 

Blue  grouse 

Rocky  Mountain 

Band-tai led 

Red  squirrel 

Goshawk 

elk 

pigeon 

Hermit  thrush 

Owls 

Merr  iam' s  wild 

Fl ickers 

Kinglets 

Woodpeckers 

turkey 

Vi  reos 

Chickadees 

Flycatchers 

Juncos 

Swa 1 1 ows 

Warblers 

Wrens 

Creepers 

Nuthatches 

This  grouping  is  particularly  adapted  to  Thomas 
Creek,  and  may  not  apply  to  other  areas. 
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The  manager  may  ask,  "What  are  the  con- 
;equences  of  maintaining  the  original  stand  and 
naximizing  future  management  options  by 
idopting  alternative  VN?"  From  table  4,  he  learns 
;hat  net  returns  of  at  least  $25,000  annually  are 
bregone  when  compared  with  alternatives  TM, 
iVT,  or  WL.  Lack  of  a  sawtimber  harvest  of  be- 
ween  124  and  143  MBF,  on  an  average  annual 
)asis,  accounts  for  most  of  this  loss.  Water  run- 
)ff  is  not  expected  to  increase  drastically  with 
my  treatment  considered  (the  maximum  was  a 
58  percent  increase  with  alternative  WT).  A  com- 
pete clearcut  would  increase  water  yield  more,  of 
lourse,  but  is  not  considered  to  be  a  viable  option, 
''orage  production  increases  markedly  with  more 
ntensive  management— AUMs  increase  from 
>2  (alternative  TM)  to  742  (alternative  WT)  per- 
:ent— but  the  increase  accounts  for  little  more 
han  1  percent  of  the  total  outputs  valued  (see 
able  3).  Habitat  for  about  two-thirds  of  the  species 
md  groups  rated  improves  with  more  intensive 
nanagement  (see  table  4).  The  wildlife  of  class  3 
generally  prefer  a  virgin  stand  over  any  type  of 
nanagement  (the  pigmy  nuthatch  is  one  excep- 
ion;  its  habitat  improves  over  the  virgin  condi- 
ion  with  wildlife-oriented  alternative  WL). 

Another  important  comparison  is  between 
iltemative  TM  and  alternative  WT  or  WL  (see 
able  5).  Alternative  TM  incurs  lower  costs  for 
ictivities  other  than  timber  harvesting,  and  yields 


less  net  benefit  than  WT  and  WL.  It  yields  some- 
what more  sawtimber  and  pulpwood,  somewhat 
less  water,  and  considerably  less  forage.  The  larger 
net  return  of  alternatives  WT  and  WL  over  TM 
is  not,  however,  due  principally  to  larger  water 
and  forage  yields.  Rather,  WT  and  WL  gain  their 
relative  advantages  because  more  timber  is  cut 
sooner  (note  that  the  value  of  an  average  MBF  of 
stumpage  from  Thomas  Creek  is  six  times  that  of 
an  acre-foot  of  water  and  14  times  that  of  an  AUM). 
Society's  time  preference,  when  expressed  in  the 
7  percent  discount  rate,  heavily  weights  current 
production  over  future  production. 

The  manager  may  ask,  "Assuming  we  opt  for 
some  harvest  alternative,  what  are  the  conse- 
quences of  emphasizing  water  runoff  rather  than 
timber?"  Water-oriented  alternative  WT  yields  a 
net  annuity  over  $16,000  greater  than  alternative 
TM  at  a  13  percent  loss  in  sawtimber  and  a  26  per- 
cent loss  in  pulpwood,  but  with  a  gain  of  28  per- 
cent in  water  runoff  and  340  percent  in  AUMs  on 
an  average  annual  basis  (from  table  5).  However, 
the  6-  to  12-acre  openings  over  one-third  of  the 
area  in  alternative  WT  are  detrimental  to  wildlife 
habitat  for  the  majority  of  species  relative  to  al- 
ternative TM  (three  of  the  four  classes  show  a  less 
desirable  habitat). 

Or,  the  decisionmaker  may  ask,  "What  are 
the  consequences  of  emphasizing  wildlife?"  Net 
returns  for  wildlife-oriented  alternative  WL  are 
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considerably  lower  than  for  alternative  WT,  but 
still  higher  than  alternative  TM.  Comparing  al- 
ternative WL  with  TM,  we  find  that,  largely  be- 
cause of  earlier  heavy  saw-log  harvests,  alternative 
WL  yields  a  net  annuity  over  $4,000  greater  than 
alternative  TM.  Predicted  average  annual  yields 
of  sawtimber  and  pulpwood  are  13  and  2  percent 
less,  respectively,  while  yields  of  water  and  AUMs 
would  be,  respectively,  13  and  57  percent  greater. 
Finally,  wildlife  habitat  with  alternative  WL  is 
superior  to  alternative  TM  for  all  classes  (see 
table  5)  and  nearly  all  species. 

Examining  the  above  questions  quickly  pin- 
points a  major  tradeoff  between  greater  long- 
term  timber  production  on  the  one  hand  and  a 
larger  net  return  plus  improved  wildlife  habitat 
on  the  other  hand.  In  the  absence  of  specific  goals 
for  future  timber  production  which  exceed  the 
timber  output  capacity  of  alternative  WL,  alter- 
native WL  is  clearly  superior. 

Comparing  alternative  WL  with  WT  we  learn 
that  WL  produces  more  pulpwood  and  less  water 
and  forage  than  WT  over  the  long  run.  Although 
average  annual  timber  yields  are  similar,  80  per- 
cent of  the  difference  in  net  return  between  these 
alternatives  arises  because  alternative  WT  calls 
for  heavier  initial  saw-log  harvests  than  alter- 
native WL.  The  most  relevant  tradeoff  in  this 
comparison  is  between  net  return  and  wildlife. 
Wildlife  habitat  with  alternative  WL  is  superior 
to  that  of  alternative  WT  for  all  species,  and  far 
superior  for  many  species.  Is  superiority  in  wild- 
life habitat  worth  a  30  percent  loss  in  annuity  of 
$12,350  ($16,520-$4,170,  table  5)? 

The  question  of  how  to  compare  wildlife  habi- 
tat with  net  present  value  of  market  outputs  is, 
by  necessity,  left  to  the  decisionmaker.  This  analy- 
sis makes  obvious  that  between  alternatives  TM 


and  WL,  for  example,  a  long-run  decrease  in  tim- 
ber yield  of  13  percent  should  be  compared  with  a 
17  percent  increase  in  net  present  worth  plus  sig- 
nificant improvement  in  wildlife  habitat. 

Another  important  question  in  the  Thomas 
Creek  case  is  whether  or  not  to  harvest  the  steeper 
slopes.  Per-acre  costs  of  harvesting  units  1,  2, 
and  5a  are  much  higher  than  for  the  rest  of  the 
watershed.  By  extending  alternative  TM,  WT,  or 
WL  to  include  the  steeper  slopes  (by  moving  to 
alternative  TM',  WT',  or  WL')  net  returns  are 
increased,  based  on  a  5-year  average  ability-to-pay 
value  for  sawtimber  (table  7).  Actual  stumpage 
values  as  appraised  by  the  Forest  Service,  how- 
ever, may  drop  to  zero  or  below  for  skyline  logging 
if  lumber  selling  prices  are  below  average.  Feasi- 
bility of  skyhne  logging  in  areas  like  Thomas 
Creek  is  thus  precariously  tied  to  lumber  prices. 

If  skyline  logging  is  feasible  for  Thomas  Creek, 
wildhfe  habitat  becomes  an  important  decision 
variable.  Harvesting  the  final  25  percent  of  the 
watershed  may  adversely  affect  wildlife  habitat 
for  several  species  (table  7).  Only  under  alternative 
WL',  where  units  5a  and  5b  are  not  harvested  and 
numerous  special  features  are  included  for  wild- 
hfe, would  habitat  be  maintained  or  improved  for 
a  majority  of  the  species  rated  if  the  steeper  slopes 
are  also  harvested. 

Evaluation  of  the  seven  alternatives  presented 
here  suggests  additional  alternatives.  What  would 
happen  to  average  yields,  for  example,  if  alter- 
native WL  were  altered  to  include  harvest  in  unit 
5b?  Would  the  increase  in  average  annual  timber 
yield  and  net  return  more  than  compensate  for 
the  small  deterioration  in  wildlife  habitat?  Or, 
what  would  happen  if  managers  were  to  allocate 
alternative  TM  to  units  3  and  5b  and  alternative 
WL  to  unit  4?  These  and  many  other  questions 
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able   7. -"Average  annual    effects  of    timber   harvest   alternatives   for   South  Thomas   Creek    (change  with 

harvest   of   steeper   slopes) 


Change 

Change 

Change 

Outputs 

from  TM 

from  WT 

from  WL 

TM 

TM' 

WT 

WT' 

WL 

WL' 

^RKET 

Sawtimber  (l ,000  bd   ft) 

143 

+48 

12i» 

+38 

124 

+35 

Pulpwood  (cords) 

164 

+57 

121 

+37 

160 

+47 

Water  runoff  (acre-ft) 

152 

-- 

195 

+  19 

171 

+5 

Forage  utilization  (AUMs) 

23 

+0.3 

101 

+35 

36 

Economic  effects  (dollars) 

Gross  return^ 

+8,010 

+14,470 

+8,720 

Costs 

+6,290 

+9,060 

+6,540 

Net  return 

+1,720 

+5,410 

+2,180 

)N-MARKET 

Wildlife  habitat  (index  1  to  5) 

Class  1 

3.1 

+0.3 

3.4 

+0.2 

3.7 

+0.2 

Class  2 

1.9 

3-0.7 

1.6 

3-0.3 

3.0 

+0.2 

Class  3 

2.7 

'*-0.6 

2.0 

5-0.4 

3.7 

-0.4 

Class  k 

3.5 

-0.9 

2.8 

-0.4 

4.0 

+0.2 

'resented   as   an   annuity. 

ncludes    returns    from  sawtimber,    water    runoff,    and    forage   utilization, 
ncludes   a   0    rating   for   swallows,    indicating    that    habitat   has   been   eliminated, 
ncludes   a   0   rating    for   creepers, 
ncludes   a   0   rating    for   creepers   and    the   pygmy   nuthatch. 


re  easily  handled  when  alternatives  have  been 
horoughly  evaluated.  The  initial  analysis  pre- 
ented  here  is  the  basis  for  designing  and  evaluat- 
ig  these  new  alternatives.  By  iteration  each  se- 
uential  evaluation  provides  new  insights  for  sub- 
equently  added  alternatives  that  often  prove  to 
e  the  best  of  all. 


Qualifications 

Major  qualifications  to  the  above  analysis 
ivolve  problems  of  space  (evaluation  scale),  time 
luture  projections),  and  risk. 


valuation  Scale 

This  example  of  an  alternatives  analysis 
■icused  on  a  single  watershed— one  small  part  of 
II  entire  National  Forest  or  working  circle.  This 
pographically  narrow  perspective  allowed  detailed 
(ita  collection  and  indepth  analysis.  The  effects 
1  the  alternatives  on  various  resources  were  quan- 
Ified  with  a  greater  degree  of  accuracy  than  is 
imerally  possible  when  looking  at  large  areas, 
'at,  management  decisions  on  Thomas  Creek  will 
Jifect  decisions  on  other  areas,  and  vice  versa. 


Any  management  decisions  for  Thomas  Creek 
should  consider  the  effect  on  adjacent  areas  and 
reflect  general  forest  management  direction. 

Ideally,  all  other  areas  in  the  working  circle 
would  be  analyzed  similarly,  and  the  analyses 
could  then  be  combined,  in  light  of  poUtical,  en- 
vironmental, and  other  constraints,  to  arrive  at 
an  overall  plan.  Actual  management  decisions 
would  not  be  made  until  all  areas  were  examined 
and  all  relationships  considered.  Practically,  how- 
ever, this  is  both  too  cumbersome  and  time  con- 
suming. Decisions  must  be  made  today.  While 
the  forest  manager  must  have  the  overall  picture 
in  mind,  he  is  usually  forced  to  make  specific  deci- 
sions about  individual  areas  without  knowledge 
of  all  forestwide  relationships. 

Putting  Thomas  Creek  in  the  perspective  of 
the  entire  Forest  brings  in  constraints  which  were 
not  considered  in  the  above  evaluation.  Some 
examples  of  common  constraints  are  to:  (1)  meet 
some  specified  average  board-foot  harvest,  (2) 
keep  costs  below  a  specified  maximum,  (3)  main- 
tain a  certain  quahty  of  wildUfe  habitat,  or  (4)  in- 
crease water  runoff  by  a  given  percentage.  Such 
constraints  could  easily  be  included  in  an  alterna- 
tives analysis  by  using  a  technique  such  as  hnear 
programing.  The  data  described  here  for  the  al- 
ternatives analysis  are  the  same  as  those  needed 
for  linear  programing. 
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Future  Projections 

Three  important  time-related  assumptions  in 
the  above  economic  analysis  deserve  elaboration. 
First,  the  assumption  was  made  that  a  7  percent 
discount  rate  expresses  society's  time  preference 
regarding  forest  management.  This  assumption 
is  questionable.  Time  preferences  vary  among 
individuals,  and  there  surely  never  will  be  com- 
plete agreement  on  the  most  appropriate  discount 
rate.  Because  present  values  for  long  planning 
horizons  are  highly  responsive  to  changes  in  the 
discount  rate,  the  usefulness  of  an  economic  analy- 
sis is  enhanced  when  the  results  are  expressed  in 
terms  of  a  range  of  discount  rates.  The  sensitivity 
of  the  analysis  to  the  discount  rate  would  then  be 
apparent  to  the  decisionmaker. 

Second,  it  was  assumed  that  the  derived  mar- 
ginal values  could  be  applied  to  increases  in  yields 
of  forest  outputs  from  base  yields  throughout 
the  planning  horizon.  This  is  not  necessarily  true, 
however,  because  physical  plants  (for  example, 
machinery)  change,  and  fixed  costs  become  vari- 
able over  time.  At  some  point  in  time  the  fixed- 
variable  cost  relationships  of  producing  saw  logs, 
feed  grains,  or  cattle  may  change,  and  the  derived 
marginal  values  applied  to  yield  increases  should 
reflect  the  changed  cost  relationship.  Unfortu- 
nately, it  is  very  difficult  to  predict  when,  or  how, 
such  changes  will  occur. 

It  was  also  assumed  that  the  relative  position 
of  the  resource  values  would  not  change  in  the 
future.  This  is  less  than  certain.  Changes  in  tech- 
nology, resource  availabihty,  and  consumer  de- 
mand all  affect  resource  values.  Among  commodity 
resources,  experience  suggests  that  timber  values 
will  gain  relative  to  forage  and  water  values 
(O'Connell  1972).  It  would  have  been  as  reaUstic 
to  assume  some  specified  change  in  the  relative 
position  of  the  value  of  timber  to  management 
costs  and  to  the  value  of  water  and  forage.  Such 
a  change  was  recently  incorporated  into  a  Forest 
Service  Environmental  Impact  Statement  on 
roadless  and  undeveloped  areas  (USDA  FS  1973). 
Experience  also  suggests  that  the  value  of  non- 
commodity  (amenity)  resources  will  increase  rela- 
tive to  that  of  commodity  resources  (see  Krutilla 
1967).  Because  of  the  difficulty  of  choosing  the 
appropriate  change  in  the  relative  position  of  re- 
source values,  a  sensitivity  analysis  showing  how 
the  evaluation  results  are  affected  by  changes  in 
values  is  often  useful. 


These  significant  time-related  economic  con- 
cerns bring  into  question  the  vahdity  of  long 
planning  horizons.  While  the  120-year  horizon 
was  used  here  in  order  to  show  results  for  a  full 
timber  rotation  period,  120  years  is  far  too  long 
for  accurate  economic  projections.  The  problems 
of  inaccurate  projections  are,  however,  notably 
mitigated  by  discounting.  A  7  percent  discount 
rate,  as  used  here  (see  tables  3,  4,  5,  and  7),  weights 
costs  and  returns  received  now  twice  as  heavily 
as  those  received  10  years  from  now,  and  four 
times  as  heavily  as  those  received  20  years  from 
now.  Thus,  even  though  costs  and  benefits  were 
calculated  for  the  1 20-year  horizon,  only  activities 
and  events  in  the  earlier  years  have  significant 
bearing  on  the  dollar  results  (present  values  or 
annuities)  presented. 

Summarizing  physical  response  projections 
is  a  different  situation.  When  yields  and  impacts 
are  presented  on  an  average  annual  basis  (see 
tables  2,  4,  5,  and  7),  equal  weight  is  given  to  all 
years  in  the  planning  horizon,  even  though  120- 
year  projections  are  certainly  less  vaUd  than,  say, 
20-year  projections.  Perhaps  the  best  way  to  deal 
with  the  planning  horizon  question  in  this  case 
is  to  present  results  for  shorter  horizons  (such  as 
20  to  40  years)  as  well  as  for  a  longer,  rotation- 
length  horizon. 


Risk 

One  final  concern  in  planning  is  that  of  risk. 
Differences  in  risk  between  alternatives  should 
be  considered.  The  two  main  categories  of  risk 
relevant  to  the  Thomas  Creek  analysis  are  fire 
and  timber  reproduction. 

All  harvest  alternatives  would  increase  risk 
of  wildfire  somewhat  over  alternative  VN  unless 
the  extra  fuel  created  were  cleaned  up.  There  is 
also  the  risk  with  alternative  VN,  however,  that 
wildfire  will  destroy  much  of  the  timber  before 
some  future  decision  is  made  to  harvest  the  mature 
timber.  In  this  case,  the  advantage  of  alternative 
VN  in  "keeping  options  open"  would  certainly 
be  nuUified. 

Alternatives  WT  and  WL  and  their  extensions 
created  openings  which  are  planted  to  assure 
regeneration.  While  there  is  little  doubt  that  mixed 
conifer  species  wUl  eventually  reinhabit  these 
openings,  there  is  some  risk  in  assuming  that 
regeneration  will  proceed  as  promptly  as  planned. 
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Conclusions 

A  framework  for  analyzing  alternatives  in 
orest  management  has  been  presented,  using 
Jouth  Thomas  Creek  as  an  example.  Because  of 
he  nature  of  Thomas  Creek,  feasible  alternatives 
/ere  Umited  in  scope.  The  basic  approach  to  the 
•roblem  of  analyzing  complex  land  management 
Iternatives,  however,  should  be  similar  for  other 
reas. 

Explicit  evaluation  of  alternatives  has  dis- 
inct  advantages  over  past  methods.  First  of  all, 
xamining  alternatives  in  terms  of  changes  from 
he  existing  situation  provides  a  sound  mechanism 
or  progressively  moving  from  the  status  quo. 
Jecond,  the  effort  at  quantification  forces  one  to 
le  more  specific  and  helps  keep  value  judgments 
1  the  realm  of  the  decisionmakers.  Also,  quite 


often  quantification  helps  identify  a  preferable 
alternative  that  would  otherwise  have  been  over- 
looked. Third,  the  consideration  of  resource  values 
weights  the  valued  resources  in  terms  of  society's 
preferences,  a  considerable  improvement  over 
merely  comparing  physical  quantities.  Finally, 
this  framework  yields  a  rather  concise  presenta- 
tion of  how  the  alternatives  compare,  helping  the 
decisionmaker  to  focus  on  the  salient  issues. 

Decisionmaking  of  all  kinds  is  a  matter  of 
tradeoffs.  What  an  alternatives  analysis  provides 
is  an  expUcit  identification  of  the  tradeoffs,  in 
dollars  where  defendable,  and  an  easy  way  of 
isolating  and  hopefully  quantifying  the  most  rele- 
vant. In  general,  decisions  based  on  such  analyses 
are  much  less  Ukely  to  be  misunderstood  or  op- 
posed than  decisions  based  on  less  rigorous  analy- 
sis and  less  objective  criteria. 
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Abstract 

King,  Rudy  M.,  and  R.  William  Furman. 

1976.  Fire  danger  rating  network  density.  USDA  For.  Serv.  Res.  Pap 
RM-177,  4  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort  Collins 
Colo.  80521. 

Conventional  statistical  techniques  are  used  to  answer  the  question, 
"What  is  the  necessary  station  density  for  a  fire  danger  network?"  The 
Burning  Index  of  the  National  Fire-Danger  Rating  System  is  used  as  an 
mdicator  of  fire  danger.  Results  are  presented  as  station  spacing  in 
tabular  form  for  each  of  six  regions  in  the  western  United  States. 

Keywords:  Forest  fire  control,  forest  fire  danger  rating. 
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Introduction 

It  has  been  a  policy  of  fire  managers  to  meas- 
ure fire  danger  on  the  worst  sites  and  at  the  worst 
time  of  day.  Typically,  the  worst  sites  are  on  the 
south  slope  at  mid-elevation,  and  the  fire  danger 
is  at  its  worst  in  mid-afternoon  (Hayes  1944). 
These  measurements  are  then  used  in  a  fire-danger 
rating  system  to  establish  a  level  of  preparedness 
to  suppress  fires  that  may  occur  under  the  "aver- 
age worst"  situations. 


Problem  and  Objectives 

The  problem  to  be  considered  is:  How  many 
fire  weather  stations  are  necessary  to  monitor  fire 
danger  adequately?  The  criterion  we  used  was 
that  a  system  of  stations  should  be  able  to  meas- 
ure, at  a  predetermined  level  of  precision,  the 
"average  worst"  fire  danger  conditions.  To  repre- 
sent fire  danger  conditions  in  this  study,  we  used 
the  Burning  Index  in  the  National  Fire  Danger 
Rating  System  (Deeming  et  al.  1972). 

The  objective  of  this  study  was  to  estimate 
he  density  of  fire-danger  stations  necessary  to 
atisfy  the  above  criterion  for  six  western  U.S. 
:eographic  regions  that  were  assumed  to  have 
j 'relatively  homogeneous"  properties  (spatial  mean 
and  variance)  of  the  Burning  Index.  Then,  to  pro- 
vide somewhat  more  meaningful  numbers,   the 
ipation  densities  for  the  different  regions  were 
jpxpressed  as  station  spacings. 


Pertinent  Literature 

In  1937,  Gisborne  (1937)  set  forth  what  he 
bnsidered  to  be  general  principles  of  rating  fire 
anger.  He  specifically  mentioned  the  lack  of 
uidelines  for  determining  the  number  of  stations 
ecessary  to  monitor  fire  danger  over  an  area.  He 
Iso  suggested  that  the  measurements  of  fire 
anger  taken  represent  the  whole  forest  property, 
owever,  he  made  no  suggestions  as  to  how  this 
as  to  be  done.  We  know  today  that  the  natural 


^Central  headquarters  is  maintained  at  Fort  Collins,  in  cooperation 
h  Colorado  State  University. 


variabiUty  of  fire  danger  in  a  watershed  makes 
Gisborne 's  philosophy  impractical. 

Morris  (1939)  suggested  that  preparedness 
should  be  based  on  what  he  defined  as  the  "worst 
probable"  condition.  Although  the  quantitative 
definition  of  "worst  probable"  or  "average  worst" 
has  changed  over  the  years,  the  concept  is  still 
the  same:  to  be  prepared  to  take  whatever  action 
may  be  required. 

Morris  (1940)  suggested  a  quantitative  ap- 
proach to  the  problem  of  determining  the  number 
of  fire  danger  stations  needed.  He  divided  Wash- 
ington-Oregon into  major  drainages,  and  deter- 
mined for  each  drainage  the  station  spacing  re- 
quired for  a  precision  level  of  5  miles  per  hour 
(mi/h)  for  wind  and  2.5%  for  minimum  fuel  mois- 
ture index  in  99  out  of  100  cases.  Although  he 
showed  that  there  should  be  a  different  station 
density  on  mountain  tops  than  at  other  locations 
for  the  given  levels  of  precision,  the  differences 
were  not  consistent.  Mountain-top  stations  re- 
quired a  more  dense  network  than  lower  locations 
for  measuring  windspeed,  but  a  less  dense  network 
for  fuel  moisture. 

In  the  longleaf  pine  region  of  the  Southeast, 
where  topographic  conditions  are  not  so  varied, 
Knorr  (1942)  determined  that  a  single  fire  danger 
station  per  Ranger  District  (approximately  400,000 
acres)  was  adequate  to  monitor  the  variation  in 
fire  danger.  He  found  that  fuel-moisture  measure- 
ments were  not  different  among  the  seven  stations 
in  the  study.  Differences  were  noted,  however,  in 
wind  velocity  and  rate-of-spread  index.  One  of  the 
alternatives  he  recommended  was  to  monitor  the 
sites  where  fire  hazard  was  "worse-than-average," 
to  be  prepared  for  severe  fires.  No  criteria  were 
given  to  determine  the  size  of  the  area  that  could 
be  covered  by  a  single  station. 

Hayes  (1944)  proposed  that,  under  the  condi- 
tions prevailing  in  the  Priest  River  Experimental 
Forest  in  northern  Idaho,  a  single  measurement 
of  fire  danger  taken  daily  at  noon  at  either  a  valley- 
bottom  or  a  south-slope  station  is  adequate  for 
rating  of  fire  danger.  However,  the  area  that  the 
single  station  was  to  represent  was  not  considered. 
Tucker  (1960)  recommended  that  stations  be 
located  such  that  the  elements  measured  will  be 
representative  of  the  area,  but  quantitative  guide- 
lines were  proposed  for  the  density  of  stations 
necessary  in  a  network,  or  what  the  dimensions 
of  the  area  represented  would  be. 


Development  of  the  Methodology 

The  task  was  to  estimate  the  density  of  sta- 
tions needed  for  a  specified  geographic  region 
with  relatively  uniform  fire  weather.  To  partition 
the  country  into  areas  of  relative  homogeneity, 
we  used  the  fire-climate  regions  suggested  by 
Schroeder  and  Buck  (1970)  (fig.  1). 


Figure  1.— Homogeneous     fire-climate     regions     (after 
Schroeder  and  Buck  1970). 

The  index  used  to  express  fire  danger  in  this 
paper  is  the  Burning  Index  of  the  National  Fire- 
Danger  Rating  System  (NFDRS)  (Deeming  et  al. 
1972).  This  index  of  fire  intensity  responds  to 
weather  and  available  fuels.  The  spatial  variability 
of  fuels  was  eliminated  by  considering  the  fuel 
complex  constant  throughout  each  region.  The 
Burning  Index  then  becomes  a  weather  index 
that  reflects  the  fire  hazard  on  a  scale  of  1  to  100. 
The  spatial  variability  of  this  Index  was  used  to 
determine  the  station  density. 

The  basic  idea  is  to  estimate  the  spatial  mean 
Burning  Index  for  a  given  day  for  stations  in  an 
assumed  "relatively  homogeneous"  geographic 
region.  The  more  diversity  found  among  the  actual 
stations  sampled,  the  larger  will  be  the  number 


of  required  stations  (or  the  greater  the  station 
density)  to  predict  fire  danger  at  a  specified  pre- 
cision level.  Thus  a  station  density  should  be 
adopted  which  will  adequately  sample  the  range 
of  Burning  Index  values  found  over  the  region. 

The  data  used  were  the  fire  weather  observa- 
tions collected  by  land  management  agencies  for 
use  in  determining  fire  hazard.  These  data  for 
stations  from  all  over  the  United  States  are  avail- 
able in  a  computerized  data  Ubrary  stored  on  the 
USDA  computer  in  Fort  Collins,  Colorado  (Fur- 
man  and  Brink  1975).  For  each  day  sampled,  the 
Burning  Index  was  computed  and  used  as  the 
random  variable. 

For  this  study,  more  than  300  fire-danger 
stations  were  sampled.  Because  of  the  lack  of 
available  stations  on  south-facing  mid-elevation 
slopes,  we  sampled  stations  on  mountain-top  and 
high-elevation  sites.  It  was  assumed  that  a  sample 
of  these  stations  would  give  the  best  measure  of 
the  spatial  variation  about  the  mean  for  the  south- 
facing  mid-elevation  slopes  in  a  given  homogeneous 
region.  We  believe  this  assumption  to  be  an  accept- 
able first  approximation  because  of  the  unclear 
differences  in  station  density  found  by  Morris 
(1940),  discussed  earUer,  and  the  graphs  of  forest- 
fire  behavior  presented  by  Hayes  (1944).  Those 
graphs  show  that  the  difference  in  forest-fire 
behavior  between  mountain  top  and  mid-elevation 
is  not  as  large  as  between  mid-elevation  emd  valley 
bottom  in  the  middle  of  the  afternoon,  the  observa- 
tion  time  used  in  this  study.  The  tolerable  amount 
of  spatial  variation  about  the  area  mean  is  the 
determining  factor  in  estimating  the  station  den- 
sity required  to  achieve  a  given  level  of  precisi"" 

It  should  be  noted  that  this  estimate  of  v. 
ance  is  low  because  of  the  lack  of  independence 
among  sample  stations  relatively  near  one  another. 
The  estimate  of  spatial  variance  would  have  been 
increased  by  an  estimate  of  the  covariance  be- 
tween such  stations,  but  the  correlation-distance 
relationship  in  terms  of  Burning  Index  was  too 
irregular  to  be  adequately  modeled.  Thus  the 
biased  estimate  was  used.  The  significance  of 
ignoring  this  bias  is  that  the  results  presented 
must  be  considered  as  strictly  the  upper  limit  of 
station  spacing  needed  to  achieve  the  desired 
precision. 

The  Burning  Index  was  calculated  for  every 
third  day  in  the  fire-danger  season  for  a  sample 
of  stations  in  a  given  region.  Such  a  sample  should 
effectively  measure  the  variability  of  changing 
conditions  during  the  fire-danger  season,  yet  to  a 
large  extent  remove  any  day-to-day  dependence 
and  thus  achieve  a  relatively  independent  samplf 
of  days.  In  each  region  on  any  given  sampling 
day,  a  minimum  of  30  observations  of  the  Burning 
Index  was  necessary  for  that  day  to  be  include<  j 
in  calculations  of  the  spatial  mean  fire  danger. 


The  spatial  mean  and  variance  were  estimated 
for  each  of  k  days  sampled.  Then,  according  to 
Cochran  (1963,  p.  75-76),  the  following  probability 
statement  applies: 


Pr(|y-Y|ld)  =  a 


[1] 


where 

a  is  a  small  specified  probability  level, 
y  is  the  estimate  of  the  spatial  mean  for  a  given 
_day, 

Y  is  the  population  spatial  mean,  and 
d  is  the  specified  tolerable  amount  of  variation 
about  the  mean. 

Assuming  the  sample  mean  is  normally  distrib- 
uted, inversion  of  eq.  [1]  leads  to  an  estimate  of 
the  required  station  density,  n: 


n  =  t2SVd2 


[2] 


where 

t  is  the  value  of  the  t  distribution  at  significance 

level  a  =  0.05,  and 
S^  is  the  estimate  of  spatial  variance. 

With  values  of  n  estimated  for  each  of  k  days 
sampled,  we  now  have  sample  estimates  of  the 
station  density  needed  to  maintain  an  arbitrary 
level  of  precision  throughout  the  fire  season.  The 
range  of  these  estimates  was  generally  quite  large. 
We  concluded  the  larger  estimates  represent  ex- 


treme variation  that  could  not  be  measured  eco- 
nomically, and  therefore  chose  to  maintain  a  pre- 
cision level  over  only  a  fraction  of  the  fire  season 
That  decision  involves  an  arbitrary  choice  as  to 
what  percentage  of  the  fire  season  to  cover.  We 
then  take  as  the  minimum  required  station  den- 
sity that  estimate  which  is  as  large  or  larger  than 
the  chosen  percentage  of  the  ranked  estimates. 

Application  of  Results 

For  each  of  the  western  regions  in  Schroeder 
and  Buck  (1970),  the  maximum  station  spacing 
was  estimated  for  a  tolerable  error  of  d  =  ±1 
Burning  Index  unit  for  a  given  percentage  of  days 
and  for  NFDRS  fuel  models^  (Deeming  et  al.  1972) 
selected  as  appropriate  to  the  region  (table  1). 
This  tabular  representation  assumes  that  the 
estimated  density  reflects  the  number  of  uniformly 
spaced  stations  needed  to  monitor  fire  danger  in 
the  area  protected.  Station  density  was  converted 
to  spacing  by  assuming  each  station  monitors  a 
circular  area  about  itself,  and  solving  for  the 
diameter  of  the  circle  to  obtain  the  maximum 
spacing  between  stations. 


^A  fuel  model  is  a  simulated  fuel  complex  for  wfiicli  all  the 
fuel  descriptions  required  for  tfie  solution  of  ttie  fire  spread 
model  fiave  been  specified. 


''^IIV 'f^J^lllTl^"  '""'?"':  '**i''°"  ^"""""^  '"  ""'«  ft"-  an  allowable  margin  of  error"  about  the 
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^To  achieve  a  margin  of  error  (d)  other  than  ±1,  multiply  the  tabled  value  by  d 
2Figures  for  fuel   model   A  are  based  on  mean  spread  component.  ^ 

Mre  season  is  June  to  September  except  in  Fire-Climate  region  7,  which  is  May  to  September. 


To  apply  table  1,  the  user  must  first  decide 
which  NFDRS  fuel  model  is  most  appropriate  for 
his  particular  fire-climate  area.  This  fuel  model 
will  determine  the  column  of  the  sub-table  from 
which  he  should  draw  his  station  spacing  estimate. 
Then,  by  varying  the  percentage-of-days  criteria, 
he  can  find  an  estimated  maximum  station  spacing 
that  will  give  him  sufficient  precision  and  economy 
for  an  error  of  ±  1 . 

If  an  error  in  the  area  average  larger  than 
±1  is  tolerable,  he  may  adjust  the  station  spacing 
by  multiplying  the  table  value  by  the  tolerable 
error.  For  instance,  suppose  a  user  in  fire-climate 
region  6  wanted  to  use  NFDRS  fuel  model  D. 
Initially  he  decides  that  he  can  tolerate  an  error 
about  the  mean  of  3,  and  he  wants  this  error  to 
be  safe  80%  of  the  fire  season.  The  table  tells  him 
that  for  an  error  of  1,  his  stations  can  be  located 
no  farther  apart  than  18  miles.  Hence,  for  an  allow- 
able error  of  3,  his  station  spacing  can  be  18  x  3  = 
54  miles.  If  this  spacing  is  still  too  stringent,  he 
must  relEix  one  or  both  of  his  criteria  to  the  point 
that  he  obtains  a  spacing  he  can  economically 
tolerate.  Conversely,  if  he  can  tolerate  a  smaller 
spacing  he  can  tighten  his  criteria  to  gain  more 
precision  or  cover  a  larger  portion  of  the  fire  season. 
In  either  case,  he  should  be  able  to  design  a  net- 
work with  a  good  idea  of  what  level  of  precision 
he  is  likely  to  receive. 

Table  1  can  also  be  used  to  estimate  the  level 
of  precision  currently  being  attained  by  an  exist- 
ing system  of  stations.  By  estimating  the  average 
station  spacing  in  his  present  system,  a  user  can 
then  solve  backward  through  the  appropriate 
table  to  obtain  estimates  of  the  error  present  for 
different  percentages  of  the  fire  season  covered. 
For  instance,  continuing  the  above  example,  sup- 
pose a  user  estimates  his  station  spacing  to  be 
40  miles.  Dividing  the  existing  spacing  by  the 
table  value  for  a  given  percentage  coverage  he  will 
determine  the  current  error  around  the  areal  mean. 
From  the  table  at  the  80%  coverage  level  for 
model  D,  the  spacing  for  an  error  of  1  is  18  miles. 
Since  the  existing  network  has  a  spacing  of  40 
miles,  the  error  about  the  mean  for  80%  of  the 
time  is  40/18  =  2.2  BI  units.  For  90%  of  the  time, 
the  error  about  the  mean  is  about  40/15  =  2.7  units. 


Summary 

We  have  used  conventional  statistical  tech- 
niques to  answer  the  question  "What  is  the  neces- 
sary station  density  for  a  fire  danger  network?" 
The  Burning  Index  of  the  National  Fire-Danger 
Rating  System  was  used  as  an  indicator  of  fire 
danger,  and  the  results  were  presented  as  station 
spacing,  with  a  different  table  for  each  of  six 
regions  in  the  western  United  States. 


Several  assumptions  were  necessary  to  achieve 
these  results.  First,  it  was  assumed  that  the  fire- 
danger  regions  delineated  by  Schroeder  and  Buck 
(1970)  were  in  fact  homogeneous  in  fire  danger. 
Secondly,  it  was  assumed  that  the  spatial  varia- 
tions of  the  Burning  Index  sampled  from  lookouts 
and  high-elevation  sites  were  nearly  the  same  as 
those  for  the  "average  worst"  sites.  Thirdly,  the 
biased  estimate  of  spatial  variance  was  used, 
since  no  covariance  structure  could  be  found 
among  the  stations  to  correct  the  variance.  Using 
this  biased  estimate  had  the  effect  of  making  the 
final  numbers  upper  Umits  of  station  spacings  in 
miles  necessary  to  estimate  the  areal  mean  of  the 
Burning  Index  with  a  certain  precision  a  specified 
amount  of  time.  These  station  spacings  should 
provide  approximate  guidehnes  for  planning  fire- 
danger  station  network  densities. 


Literature  Cited 

Cochran,  William  G. 
1963.  Sampling  techniques.  414  p.  John  Wiley 
&  Son,  Inc.,  N.Y. 
Deeming,  J.  E.,  James  W.  Lancaster,  Michael  A. 
Fosberg,  R.  William  Furman,  and  Mark  J.  Schroe- 
der. 

1972.  Nationeil  fire-danger  rating  system.  USDA 
For.  Serv.  Res.  Pap.  RM-84,  165  p.  Rocky  Mt. 
For.  and  Range  Exp.  Stn.,  Fort  Collins,  Colo. 
Furman,  R.  William,  and  Glen  E.  Brink. 
1975.  The  nationa    fire  weather  data  library: 
What  it  is  and  how  to  use  it.  USDA  For.  Serv. 
Gen.  Tech.  Rep.  RM-19,  8  p.  Rocky  Mt.  For. 
and  Range  Exp.  Stn.,  Fort  Collins,  Colo. 
Gisborne,  H.  T.  "■ 

1937.   Some  general  principles  of  rating  fire 
danger.  Fire  Control  Notes  [l(2):53-56]. 
Hayes,  G.  Lloyd. 
1944.  Where  and  when  to  measure  forest-fire 
danger.  J.  For.  42:744-751. 
Knorr,  Philip. 
1942.  Variations  in  fire-danger  factors  on  a 
ranger  district  in  the  longleaf  pine  region. 
J.  For.  40:689-692. 
Morris,  WiUiam  G. 

1939.  What  is  "average  bad?"  Fire  Control 
Notes  3(3):25-26. 

Morris,  WiUiam  G. 

1940.  Statistical  analysis  of  fire- weather  station 
distribution.  J.  For.  38:318-321. 

Schroeder,  Mark  J.,  and  Charles  J.  Buck. 
1970.  Fire  weather.  U.S.  Dep.  Agric,  Agric. 
Handb.  360,  229  p. 
Tucker,  James  B. 

1960.  Planning  the  location  of  fire  danger  sta 
tions.  Fire  Control  Notes  21(2):46-47. 


Agriculture— CSU,  Fort  Collins 


a,  52 

CO   c 

So 

.   t- 
>r° 

^d 

occ 
S  X 
I-'  bo 

>>  cB 

■    to  "^ 

C  c  -a 

CO    (U    s 

I-  ^ 

3      >-      iH 

CO   g  *J 

-§&« 


c  S  S  c 

§g   co-. 


3-« 
J3    & 


a" 


I.  2  ^  .2  OT 
§ocn  ".^ 

CO   e   "^  D 
o  -a  .5  -« 

3    CO    »-    (o    (u 
C    D,  0) 

2,'co  i  "=.5 

C  C     tl     Kl    ,A 

§^  g    CO   (U    So 
-U    J-    0)    CO    " 

g  c  X  '^^  o 
.2  ^  a'  o  "*^ 

:    QQ  CO 


!3' 


CO 


^ 


c 

CO 

CU 
..tl 


o 

io 

73 

k< 
O 


D.  m" 

CO   C 

c^a 

c«   O 

.    >- 

>r° 

m    r 
.  c 

bO 

S  *i  c 

el- 

CO  2J  ■" 

^■§^ 

QJ     CO     O 


_,  -v  c  CO  r^ 


aj  m    OJ  ►^ 

«  L,    1*  " 

CO  ^«     (O  0) 

fe  &£  S 


■^    CO 

3 'w    i 


60 

C 


W) 

c 

CO 


•Sfc^^ 


^  g  "g  2  'So 

■w   "g   0)   (0   " 


a  !«!  "^^  o 
„,  (U  o  •<-< 

Cog 
o 


W 


>  »  ^„  CO  si; 
5  ^  •§  "3  ^ 

--   03  3  5 


o 


ce 


Uj 


a  2 

CO   S 

Sc5 
.  ^ 

^^ 
"d 

l-r    -4^ 

^         . 

Oca 
>-'  bfi 
.«(§ 

•    CO  '^ 
CO     0)     r^ 

E^  § 

3   >-.    k, 

fci   o  o 

S^^ 
00  2  ■" 

a  ''s 
^.s  >> 

W  t.  o 
«^a^ 

3fc<  T"  d 


be  u 
Sg  <iJ  c  Q,  oi 

3  w  i  ".S 
^  g  "«  S  'bi 

-u    fa    0)    CO    " 

•a  cj  o£  * 

3    c    X  •«-.   O 

.2    m     <U    O  «" 

^-  bcS<t 

^  =  cl 


bo 

3 


9> 
bo 
3 
CO 
XI 
P 


o 


tc 

T3 


D.  to 
CO    3 

a^a 

So 

Oh  -iJ 

.  ^ 

>  o 

b    . 

S  JS    3 

E-a  § 

u  ^ 

:i  u  u 
CO  2  -w 

W   u   o 

•S  "-I 


0)   to 
J3    CO 


CO  : 

-U    4-) 


bo 
.3 
'o 

CO 


s  s 


fc  ^5'S 


"■  1o-S 


-.  a 

CO  ;3 

2  -.  L.  <''  <» 

3  CO   J<    to    0) 

£  fe  «)£  ^ 
g<4-,  3  a  0) 

3  m  i  "'.S 


1 


3 

o  c" ":::  co  -s 
5J  §  2  eu  bo 
.2  3  Qi  0) 

III 
go 

to    to  *^    (U    Jg 


•2   '^ 


bo 

3 


bo 
3 
CO 
XJ 


O 


^   '    \  \'  -  \         \     \    u 


DOUGLAS-FIR  IN  EASTERN  NEBRASKA: 
A  Provenance  Study 


40^" 


JRalph  A.  Read  and  John  A.  Sprackling 


\  prest  Service 
arlh  Paper  RM-178 

m^r  1976 


Rocky  Mountain  Forest  and 
Range  Experiment  Station 
Forest  Service 

U.S.  Department  of  Agriculture 
Fort  Collins,  Colorado  80521 


Read,  Ralph  A.,  and  John  A.  Sprackling. 
1976.  Douglas-fir  in  eastern  Nebraska:  A  provenance  study.  USDA 
For.  Serv.  Res.  Pap.  RM-178, 10  p.  Rocky  Mt.  For.  and  Range  Exp. 
Stn.,  Fort  Collins.  Colo.  80521. 

An  11-year  field  test  of  rangewide  provenances  of  Douglas-fir  in 
eastern  Nebraska  revealed  that  height  and  growth  rate  are  inversely 
correlated  with  latitude  of  origin.  Progeny  of  seed  origins  from  Arizona 
and  New  Mexico  grew  two  to  three  times  faster  than  those  from  north- 
ern Colorado,  western  Montana,  and  northern  Idaho.  Arizona  and  New 
Mexico  origins,  which  start  growth  earlier  in  spring  and  cease  growth 
later  in  fall  than  northern  origins,  are  recommended  for  Christmas 
trees.  Slower  growing  but  winter-hardy  northern  Colorado  origins  are 
recommended  for  all  other  types  of  planting. 
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Preface 


This  provenance  study  is  one  of  a  dozen  ex- 
)erimental  plantations  of  various  tree  species  es- 
ablished  on  the  Horning  State  Farm  near  Platts- 
nouth,  Nebraska,  which  is  administered  by  the 
Department  of  Forestry  of  the  University  of  Ne- 
)raska.  The  USDA  Forest  Service,  through  its 
locky  Mountain  Forest  and  Range  Experiment 
station  Research  Work  Unit  at  Lincoln,  cooper- 
ites  with  the  Nebraska  Agricultural  Experiment 
station  in  research  conducted  on  this  experi- 
nental  area. 

The  specific  purpose  of  this  work  is  to  find 
ind  develop  better  adapted  trees  for  use  in  all 
dnds  of  plantings,  environmental  and  commer- 
ial,  throughout  Nebraska  and  the  Central  Plains. 
>uch  provenance  studies  of  different  species  pro- 
vide plants  of  known  origin  for  evaluation  of 


adaptability  and  genetic  variation,  and  for  selec- 
tion, propagation,  and  breeding  for  resistance  to 
disease  and  insect  pests.  Studies  have  been  re- 
ported in  publications  Usted  below. 

The  diversity  of  tree  planting  materials  under 
study  at  this  and  many  other  locations  in  the 
Plains  was  made  possible  through  cooperation  in 
a  Regional  Tree  Improvement  Project  (NC-99,  for- 
merly NC-51)  of  the  North  Central  States  Agricul- 
tural Experiment  Stations. 

Credits  are  due  Jonathan  W.  Wright,  Profes- 
sor of  Forestry,  Michigan  State  University,  for 
initiating  the  Regional  study  and  providing  the 
planting  stock,  and  to  Walter  T.  Bagley,  Asso- 
ciate Professor  of  Forestry,  University  of  Ne- 
braska, for  cooperation  in  planting  and  mainte- 
nance of  the  plantations. 


Published  Reports  on  Provenance  Studies 


1971.  Scots  pine  in  eastern  Nebraska:  A  prove- 
nance study.  USDA  For.  Serv.  Res.  Pap. 
RM-78, 13  p.  by  Ralph  A.  Read. 

1975.  Jack  pine  provenance  study  in  eastern  Ne- 
braska. USDA  For.  Serv.  Res.  Pap.  RM- 

143,  8  p.  by  John  Sprackling  and  Ralph  A. 
Read. 

1975.  Red  pine  provenance  study  in  eastern  Ne- 
braska. USDA  For.  Serv.  Res.  Pap.  RM- 

144,  7  p.  by  John  A.  SprackUng  and  Ralph 
A.  Read. 

1976.  Douglas-fir  in  eastern  Nebraska:  A  prove- 
nance study.  USDA  For.  Serv.  Res.  Pap. 
RM-178,  10  p.  by  Ralph  A.  Read  and  John 
A.  Sprackling. 

1976.  Eastern  white  pine  in  eastern  Nebraska:  A 
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chian origins.  USDA  For.  Serv.  Res.  Pap. 
RM-179,  8  p.  by  John  A.  SprackHng  and 
Ralph  A.  Read. 

1976.  Austrian  (European  black)  pine  in  eastern 
Nebraska:  A  provenance  studj'.  USDA 
For.  Serv.  Res.  Pap.  RM-180,  8  p.  by 
Ralph  A.  Read. 
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Figure  1.— Natural  distribution  of  Douglas-fir,  and  provenances  tested  in  eastern  Nebraska.  Origin  numbers  denote  those 

tfiat  survived;  black  circles,  tfiose  that  died  in  first  3  years. 


winter  cold,  but  the  survivors  were  tallest  of  all 
origins  at  age  3.  As  in  Wright's  study,  the  Ari- 
zona and  New  Mexico  origins  outgrew  other  in- 
terior origins,  but  suffered  more  winter  injury. 

The  performance  of  Douglas-fir  origins  in 
eastern  Nebraska  reported  here  updates  the  first 
report  by  Wright  et  al.  (1971).  The  55  origins  test- 
ed in  Nebraska  have  had  6  additional  years' 
growth,  and  we  have  new  information  on  spring 
growth  flushing,  winter  damage  to  terminals, 
needle  lengths,  and  cone  production. 


Materials  and  Methods 

Seeds  were  collected  by  U.S.  Forest  Service 

and  other  personnel   from   128   natural   stands 

throughout  the  range  of  the  species  in  United 

States  and  Canada.  These  seeds  were  sown  in 

spring    1962   under   the   direction   of  Jonathan 

Wright  in  a  Michigan  State  University  nursery 

oar  East  Lansing.  One  year  later,  30  to  60  seed- 

!igs  each  of  55  origins  (table  1)  were  sent  via  air 

leight  to  Lincoln,  Nebraska,  where  they  were 

ined-out  in  holding  beds  on  the  East  Campus  of 

I  he  University.  In  spring  1964,  the  1  +  1  seedlings 

■ere  dug,  potted,  and  Uned-out  again  at  the  same 

cation  to  increase  size  for  field  planting. 

In  spring  1965,  they  were  field  planted  as 

^1  +  1  stock  at  the  Horning  State  Farm  near 

I'lattsmouth,  Nebraska.  The  plantation  is  located 

|n  a  ridgetop  of  sUt  loam  soil  derived  from  loess. 

It  41°  north  latitude,  96°  west  longitude,  and 

1.100  feet  (335  m)  elevation.  The  growing  season 

erages  170  days,  and  mean  annual  precipitation 

.  30  inches  (76  cm),  of  which  75  percent  falls  dur- 

^g  the  growing  season.  Seedlings  were  planted  in 

^e-tree  randomized  plots  spaced  12  feet  (3.6  m) 

sart,  in  rows  12  feet  apart.  Eastern  redcedar 

uniperus  virginiana  L.)  fillers  were  planted  for 

hrly  protection  between  each  Douglas-fir  in  the 

vs  (but  not  between  rows),  to  give  a  spacing  of  6 

y  12  feet  (1.8  by  3.6  m). 

The  site  was  cultivated  1  year  before  plant- 

g.  Simazine  80W  at  4  pounds  per  acre  was 

irayed  on  both  sides  of  each  tree  row  after  plant- 

g  to  control  weeds,  and  once  each  spring  for  5 

ars  thereafter.  The  plantation  was  mowed  be- 

'■een  rows  during  the  growing  season.   Dead 

jes  were  replaced  with  extra  trees  and  by  con- 

lidating  the  plantation  into  five  rows  in  1966. 

le  trees  were  checked  several  times  each  year 

•  insects,  diseases,  and  other  injury.  Heights 

^e  measured  annually  from  1966,  except  for 

172.  The  juniper  fillers  were  removed  in  spring 

174  to  prevent  crowding. 

Trees  were  rated  on  two  dates  in  spring  1974, 
fir  dates  in  spring  1975,  and  once  in  spring  1976 
ai  to  the  developmental  stage  of  buds,  and 
gpwth  of  new  shoots  and  needles.  An  estimate  of 


-  b 


the  sequence  in  which  the  different  origins  start 
spring  growth  was  obtained  by  rating  each  tree 
on  a  scale  of  1  to  5.  The  number  scale  corre- 
sponded to  five  stages  of  development,  ranging 
from  dormant  buds  (no  growth)  to  well-advanced 
shoot  and  needle  growth.  All  trees  were  rated  in  1 
day.  Terminal  dieback  was  noted  in  late  winter, 
and  late  spring  frost  damage  was  scored  3  days 
after  it  occurred.  Average  needle  length  was  com- 
puted from  measurements  of  five  needles  collect- 
ed from  lateral  branches  on  the  south  side  of  each 
tree.  Cones  were  counted  in  fall  1975. 

The  arrangement  of  seed  origins  in  the  accom- 
panying tables  is  by  geographic  area,  starting  on 
the  Pacific  Coast,  then  to  the  northern  Rocky 
Mountains,  central  Rockies,  and  southern 
Rockies.  The  dashed  line  that  separates  data  in 
the  tables  indicates  caution.  Few  trees  survived 
from  origins  hsted  above  the  line;  hence  their  per- 
formance data,  though  included  here  for  compari- 
son, are  less  reUable  than  data  below  the  hne. 


Results  and  Discussion 
Seedling  Survival 

Mortality  in  the  temporary  holding  beds  at 
Lincoln  was  76  percent  the  first  year.  At  the  end 
of  the  second  year  as  potted  seedUngs,  total  mor- 
tahty  was  89  percent.  All  seedHngs  of  origins 
from  coastal  western  Washington  and  Oregon 
had  died.  Very  few  of  the  seedlings  from  northern 
Idaho,  western  Montana,  eastern  Washington, 
and  Alberta,  Canada  origins  survived  after  3 
years  in  the  field  (table  1).  Survival  of  central  and 
southern  Rocky  Mountain  origins  was  20  percent, 
with  Arizona  and  New  Mexico  origins  consis- 
tently best. 

We  recognize  the  limitations  in  deriving  re- 
liable conclusions  from  performance  of  the  few 
surviving  trees  representing  the  northern  Rocky 
Mountain  and  coastal  sources.  These  are  delin- 
eated above  the  dashed  line  in  table  1.  In  retro- 
spect, we  attribute  the  excessive  mortahty  in  all 
origins  during  the  first  2  years  in  the  holding  beds 
to  a  combination  of  factors: 

(1)  transplanting    very    small    seedlings    into 
heavy-textured  prairie  soil, 

(2)  lack  of  shading  and  wind  protection  during 
extremely  hot  and  cold  weather,  and 

(3)  lack  of  adequate  moisture  at  critical  times 
during  the  growing  season. 

Normally,  Douglas-fir  seedlings  are  protected 
from  extreme  insolation  and  wind  during  their 
first  few  years  in  Plains  nurseries.  Need  for  shad- 
ing very  small  seedUngs  is  pointed  out  by  Ryker 
and  Potter  (1970)  in  an  Idaho  seed  spot  test. 


Table  1  .—Douglas-fir  tested  in  an  eastern  Nebraska  field  plantation,  with  seed  origin,  survival  records,  and  height  growth,  1968-7 
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Lati- 
tude 
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tude 

Elevation 
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ght  growth 
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No. 
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Failed' 
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Mean  ann 
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11 -yr 
field 

ft 

Plantati 
mean 
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ft 
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-  -  -   Tlrt 

ft 

—    —    —      inj 

% 

PACIFIC  COAST  (var. 

memiesii   or  form 

viridis 

1619 

OREG 

Brookings 

42.0 

124.2 

162 

49 

60 

X 

1613 

OREG 

Oakridge 

43.7 

122.5 

3000 

914 

60 

3 

0 

1622 

OREG 

Cottage  Grove 

43.8 

123.0 

675 

206 

30 

1 

0 

1585 

OREG 

Sisters 

44.3 

121.8 

3500 

1067 

50 

X 

1618 

OREG 

Cascadia 

44.4 

122.7 

800 

244 

60 

X 

1621 

OREG 

Molalla 

45.2 

122.2 

100 

30 

60 

X 

1624 

OREG 

Jewel  1 

45.8 

123.4 

700 

213 

60 

4 

0 

1627 

WASH 

Shelton 

47.2 

123.4 

320 

98 

60 

2 

0 

1623 

WASH 

Enumclaw 

47.2 

122.0 

1308 

399 

60 

X 

1617 

WASH 

Granite  Falls 

48.1 

122.0 

600 

183 

30 

X 

1620 

WASH 

Camano 

48.2 

122.3 

50 

15 

30 

X 

1634 

VANC 

Cowichan  Lake 

48.8 

124.0 

600 

183 

30 

X 

1645 

WASH 

Fish  Lake 

48.6 

119.7 

2000 

610 

60 

7 

4 

1.1 

10.4 

81 

1646 

WASH 

Buck  Mountain 

48.4 

119.8 

5000 

1524 

30 

5 

1 

1.1 

8.9 

70 

NORTHERN  ROCKY  MOUNTAIN  (var!  glauca   or  forms 

caesia   anc 

g lauaa ) 

1556 

WASH 

Curlew 

48.9 

118.8 

4100 

1250 

30 

X 

1651 

WASH 

Omak 

48.6 

119.5 

2500 

762 

60 

2 

0 

1615 

IDAHO 

Coeur  d'Alene 

47.7 

116.8 

2400 

732 

30 

3 

2 

1.1 

9.2 

72 

1588 

IDAHO 

Wallace 

47.5 

116.0 

3000 

914 

60 

9 

7 

1.0 

8.8 

69 

1562 

IDAHO 

Clarkia 

47.0 

116.1 

4500 

1372 

30 

5 

2 

.5 

4.5 

35 

1573 

IDAHO 

Moscow 

46.6 

116.8 

2500 

762 

60 

X 

1507 

MONT 

Libby 

48.4 

115.5 

3800 

1158 

30 

1 

1 

1.2 

9.8 

77   ' 

1517 

MONT 

Libby 

48.4 

115.2 

4000 

1219 

30 

1 

0 

1            1650 

MONT 

Whitefish 

48.5 

114.7 

3500 

1067 

30 

1 

0 

1519 

MONT 

Whitefish 

48.4 

114.7 

4000 

1219 

60 

X 

1521 

MONT 

Kalispell 

48.2 

114.5 

3000 

914 

60 

5 

0 

1600 

MONT 

Spotted  Bear  RS 

48.0 

113.0 

3680 

1122 

60 

1 

1 

.8 

6.4 

50 

1616 

MONT 

St.  Regis 

47.5 

115.2 

4000 

1219 

30 

4 

3 

1.2 

10.1 

79 

1            1603 

MONT 

St.  Regis 

47.2 

114.8 

5000 

1524 

60 

X 

1649 

MONT 

Missoula 

47.0 

114.0 

3500 

1067 

60 

2 

1 

.9 

8.0 

62 

,            1504 

MONT 

Missoula 

47.0 

113.8 

6000 

1829 

60 

1 

0 

1520 

MONT 

Greenough 

46.9 

113.4 

4000 

1219 

60 

4 

1 

1.1 

9.5 

74 

1506 

MONT 

Salmon  Lake 

47.2 

113.2 

5000 

1524 

60 

X 

'            1539 

MONT 

Big  Prairie  RS 

47.3 

113.5 

4600 

1402 

30 

2 

1 

.4 

3.6 

28 

.            1518 

MONT 

Stevensville 

46.5 

114.2 

4500 

1372 

30 

X 

1606 

MONT 

Butte 

46.0 

112.5 

6500 

1981 

30 

1 

0 

1595 

ALB 

Kananaskis 

51.0 

115.0 

4500 

1372 

60 

2 

1 

.7 

5.7 

45 

1596 

ALB 

Kananaskis 

51.1 

115.0 

5000 

1524 

60 

4 

1 

.5 

4.2 

33 

1513 

MONT 

St.  Mary 

48.8 

113.5 

4480 

1366 

30 

X 

1            1648 

MONT 

Big  Timber 

45.5 

110.0 

6000 

1829 

60 

5 

1 

.4 

3.4 

27 

1503 

MONT 

Absarokee 

45.5 

109.4 

5600 

1707 

30 

3 

0 

, 

CENTRAL  AND 

SOUTHERN 

ROCKY  MOUNTAIN  (v^r      .w,„. 

„„\ 

2 

1636 

COLO 

Boulder 

40.2     105.5 

8650 

2637 

30 

14 

7 

1.0 

8.6 

67 

1529 

COLO 

Kremml ing 

40.0 

106.5 

8000 

2438 

60 

5 

2 

1.0 

9.0 

70 

1532 

COLO 

Meeker 

40.2 

107.9 

8200 

2499 

60 

28 

21 

1.1 

9.5 

74 

1630 

COLO 

Ouray 

38.2 

107.6 

9100 

2774 

30 

3 

1 

1.3 

11.4 

89 

1525 

COLO 

Durango 

37.5 

107.8 

8500 

2591 

60 

12 

8 

1.4 

12.7 

99 

1610 

NEW  MEX 

Jemez  RO 

35.5 

106.8 

8500 

2591 

30 

29 

28 

1.6 

14.9 

116 

1546 

NEW  MEX 

Magdalena 

34.2 

107.2 

8200 

2499 

15 

X 

1594 

NEW  MEX 

Cloudcroft 

33.0 

105.8 

8670 

2643 

30 

11 

8 

1.7 

15.1 

118 

1602 

NEW  MEX 

Mayhill 

32.9 

105.4 

7000 

2134 

60 

37 

34 

1.7 

15.7 

123 

[            1614 

NEW  MEX 

Sacramento  Mts. 

32.7 

105.7 

8300 

2530 

60 

X 

1611 

UTAH 

Panguitch 

37.6 

112.5 

8250 

2515 

60 

5 

5 

1.1 

9.7 

76 

1625 

ARIZ 

Fredonia 

37.0 

112.5 

9000 

2743 

30 

12 

8 

1.2 

10.7 

84 

1647 

ARIZ 

Long  Valley 

34.7 

111.0 

7000 

2134 

30 

12 

12 

1.5 

14.0 

loo 

1545 

ARIZ 

Globe 

33.3 

110.7 

7800 

2377 

30 

5 

4 

1.6 

15.6 

1 

1593 

ARIZ 

Mt.  Lemmon 

* 

32.4 

110.8 

8400   2560 
Plantation 

60 

total  and 

14 

13 

1.9 

17.9 

1  . 

means 

265 

178 

1.4 

12.8 

1' 

'Origins  failed  during  first  2  years  in  holding  beds. 

^Dashed  line  indicates  caution.  Few  trees  survived  from  the  origins  listed  above  the  line,  and  performance  data  are  less  reliable 
than  for  origins  listed  below  the  line. 


here  70  percent  of  shaded  seedUngs  survived, 
jmpared  to  only  33  percent  of  unshaded  seed- 
ngs.  Moreover,  planting  stock  for  use  in  the 
lains  region  is  transplanted  after  seedlings  are  2 
ears  old,  then  grown  another  2  years  in  the  nur- 
;ry  before  field  planting.  Past  experience  with 
louglas-fir  in  the  Plains  has  shown  that  larger, 
ell-balanced  stock  (2  +  1  or  2  +  2)  will  give  higher 
litial  survival  than  we  attained  in  our  study. 

[eight  and  Growth  Rates 

Total  height  growth  (table  1)  was  inversely 
jrrelated  with  latitude;  trees  from  southern  ori- 
ins  grew  faster  than  those  from  northern  origins, 
he  correlation  coefficient  using  origin  means 
as  r  =  -0.81;  however,  the  northern  origins 
lowed  considerably  more  scatter  than  the  south- 
•n  origins. 

Growth  curves  (fig.  2)  reveal  that  central  and 
orthern    Rocky    Moimtain   origins   grew   very 


slowly  for  5  to  6  years  after  planting,  but  have 
since  gradually  accelerated.  This  contrasts  with 
performance  of  various  pine  provenance  tests  in 
eastern  Nebraska,  which  showed  that  pines  nor- 
mally increase  their  growth  rate  in  the  third  year. 
At  first  the  Douglas-fir  planting  site  was  rather 
open  and  exposed,  but  as  the  juniper  filler  trees 
and  adjacent  field  tests  of  other  species  de- 
veloped, the  plantation  received  considerable  pro- 
tection from  wind  during  both  winter  and  sum- 
mer. 

All  New  Mexico  and  Arizona  origins  have 
grown  rapidly  since  planting.  Trees  from  Globe, 
Arizona  (origin  1545),  grew  fastest  through  1969, 
but  since  that  time  have  suffered  winter  injury 
and  repeated  loss  of  terminals.  Trees  from  Mt. 
Lemmon,  Arizona  (origin  1593),  surpassed  the 
Globe  source  and  are  now  the  tallest  origin  to 
date,  averaging  17.9  feet  after  11  years.  The  13 
trees  of  this  Mt.  Lemmon  source  range  in  height 
from  13.3  to  23.0  feet. 
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1593  Mt. Lemmon, Ariz. 


1594.1602  So.N.Mex. 
1545  GloBe. Ariz 
1610  Jemez.N.Mex. 

1647  LongValley.Ariz. 


1525,1630  Sw.Colo. 


1611,1625  Utah, Ariz. 
1645,1646  No.Wash. 

1529,1532,1636  No.Colo. 

1507,1520,1539  »... 
1600,1616.1649  '^°"'- 
1562,1588,1615  Idaho 


1595,1596  Alberta 


1648  So.  Mont. 


1967       68 


Figure  2.— Height  growth  curves  for  Douglas-fir  origins  (some  grouped)  after  1 1  years  in  an  eastern  Nebraska  plantation. 


Foliage  Characteristics  and  Form 


Cone  Production 


Needle  lengths  varied  among  and  within  ori- 
gins (table  2),  but  showed  no  significant  corre- 
lation with  rate  of  height  growth  or  latitude.  The 
average  needle  length  of  most  southern  origins 
exceeded  the  plantation  mean,  however.  Many 
New  Mexico  and  Arizona  trees  had  bluish-green 
foliage,  but  none  of  these  origins  was  consistently 
blue  green,  as  reported  by  some  investigators. 
Northern  Rocky  Mountain  trees  invariably  had 
green  foliage.  Branch  angles,  foliage  densities, 
and  compactness  of  crowns  varied  considerably 
among  trees  within  the  same  origin.  A  number  of 
individual  trees  of  different  origins  have  excep- 
tional natural  form,  appearing  as  sheared  Christ- 
mas trees  (fig.  3). 


First  cones  were  observed  in  August  1975,  af- 
ter 11  years  in  the  field.  However,  no  staminate 
strobili  have  developed,  and  no  measure  of  seed 
production  or  viabiHty  is  available. 

Of  the  Mt.  Lemmon,  Arizona  origin  1593,  6  of 
13  trees  had  cones  ranging  from  2  to  75  per  tree, 
with  a  median  of  7  to  8  cones  (table  2);  3  of  28 
trees  of  Jemez,  New  Mexico  origin  1610  had  3  to  6 
cones;  and  1  of  4  trees  of  Fish  Lake,  Washington 
origin  1645  had  13  cones.  Cones  were  produced 
only  on  the  taller  and  larger  crowned  trees  in  the 
plantation. 


Figure  3.— This  tree  (Meeker,  Colorado  origin  1532)  has  never 
been  sheared,  yet  displays  superior  natural  form  for  a  Christ- 
mas tree.  It  is  9  feet  tall  after  11  years. 


ble  2.— Do 
owth  flush 


uqlas-fir  tested  in  an  eastern  Nebraska  field  plantation,  by  seed  origin:  Needle  length,  cone  production,  stage  of  spring 
,'  spring  frost  damage,  terminal  dieback,  and  the  distribution  by  progressiv 


ive  stages  of  spring  growth  flush  on  May  9,  1974 
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ating:  1.0  =  latest  (no  development);  5.0  =  earliest  (advanced  growth). 

C  =  North  Central;  N  =  North;  W  =  West;  S  =  South;  SW  =  Southwest;  NW  =  Northwest;  C  =  Central. 

ashed  line  indicates  caution.  Few  trees  survived  from  the  origins  listed  above  the  line,  and  performance  data  are  less  reliable 

han  for  origins  listed  below  the  line. 


pring  Growth  Flush 


Bud  burst  and  subsequent  shoot  and  needle 
jvelopment  showed  wide  variation  by  origin, 
ew  shoot  and  needle  development  were  already 
|ell  advanced  on  most  Arizona  and  New  Mexico 
Hgins  before  many  of  the  northern  origins  broke 
iprmancy  (table  2).  Colorado  origins  tended  to  be 
termediate.  This  pattern  was  consistent  for  the 
years,  1974  through  1976,  although  different 
Dring  temperature  patterns  in  1975  and  1976 
arrowed  the  range  of  rating  values. 

Munger  and  Morris  (1936)  recorded  similar 
lid  burst  activity  in  13  coastal  sources  of  Doug- 
Is-fir  west  of  the  Cascade  Range  and  extending 
cer  only  3V2°  latitude  from  northern  Washing- 
tn  to  central  Oregon.  Bud  burst  was  earliest  on 
te  southerly  and  low-elevation  sources,  and  lat- 
Et  on  those  of  northern  Washington. 

The  Nebraska  plantation  grew  for  11  years 
vthout  spring  frost  damage.  However  on  May  2, 
176,  several  weeks  after  growth  had  started  on 
te  earliest  origins,  the  temperature  dropped  to 


25°  F  (-4°  C).  New  growth  at  the  tips  of  lateral 
branches  was  killed  on  many,  but  not  all,  trees  of 
southern  origins  (table  2).  Only  2  of  27  trees  of 
northern  Rocky  Mountain  origins  were  frosted, 
and  those  were  individuals  that  had  flushed.  In 
the  Colorado  and  Utah  origins,  30  of  51  trees 
showed  frost  damage.  The  heaviest  damage  oc- 
curred on  Arizona  and  northern  New  Mexico  ori- 
gins with  48  of  57  trees  frosted.  Although  the 
southern  New  Mexico  origins  from  Mayhill  and 
Cloudcroft  had  flushed  and  showed  considerable 
new  growth,  only  22  of  the  42  trees  were  frosted. 
Damage  to  new  growth  by  this  late  frost  appears 
temporary;  new  foliage  was  evident  4  days  after 
the  frost,  on  lateral  buds  which  had  not  flushed 
earlier. 

Steiner  and  Wright  (1975)  found  this  same  re- 
lationship in  a  Kellogg,  Michigan  plantation  at  12 
years'  age.  Arizona,  New  Mexico,  and  Colorado 
origins  flushed  early  and  were  highly  susceptible 
to  late  spring  frost,  whereas  origins  from  the 
northern  Rockies  of  western  Montana  and  north- 
ern Idaho  flushed  a  month  later  and  were  not  sus- 
ceptible. 


These  observations  indicate  that  the  relation- 
ship between  Douglas-fir  phenology  at  this  Ne- 
braska latitude  (41°)  and  latitude  of  origin  is  the 
opposite  of  that  for  ponderosa  pine.  In  a  central 
Nebraska  nursery  experiment,  the  northern  ori- 
gins of  ponderosa  pine  seedUngs  from  central  and 
eastern  Montana  began  spring  growth  several 
weeks  before  origins  from  New  Mexico  and 
Arizona. 


Terminal  Dieback 

Difference  in  time  when  terminals  ceased 
growth  and  set  buds  were  not  measured.  How- 
ever, a  possible  result  of  such  differences  has  been 
dieback  of  the  terminals  on  44  trees  (about  44  per- 
cent) of  the  southern  origins  (table  2).  Every  Ari- 
zona and  New  Mexico  origin  showed  damage  on 
some  trees,  ranging  from  25  percent  for  Fredonia, 
Arizona  origin  1625  to  100  percent  of  Globe,  Ari- 
zona origin  1545.  This  dieback  did  not  begin  until 
the  trees  were  5  to  6  years  old,  and  averaged 
around  7  feet  tall.  Increased  exposure  of  tops  to 
winter  winds  may  increase  susceptibility,  as  it 
was  noted  that  dieback  increased  significantly 
during  the  first  winter  after  removal  of  the  juni- 
per filler  trees. 

Winter  dieback  has  not  yet  caused  mortality 
despite  its  recurrence  on  the  same  trees  in  succes- 
sive winters.  Strong  lateral  branches  grow  into 
dominant  terminals  the  following  growing  sea- 
sons (fig.  4).  Edgren  (1970)  found  a  similar  pattern 
with  2  +  0  Douglas-fir  seedlings  in  a  Washington 
experiment.  He  selected  undamaged  seedlings 
and  paired  them  with  frost-damaged  seedlings  at 
Wind  River  nursery.  No  seedlings  died,  but  frost- 
damaged  seedHngs  developed  multiple  tops.  His 
data  suggested,  however,  that  the  percentage  of 
trees  with  multiple  tops  decreases  and  that  these 
effects  do  not  persist. 

Trees  of  southern  origins  apparently  do  not 
cease  growth  early  enough  to  avoid  frost  damage 
in  late  fall.  This  agrees  in  part  with  Wright  et  al. 
(1971)  who  found  that,  among  interior  origins 
growing  in  Michigan  and  Pennsylvania  nurseries, 
southern  origins  set  buds  latest,  and  therefore 
were  winter  damaged,  while  northern  origins  set 
buds  earliest  and  were  not  injured.  Campbell  and 
Sorensen  (1973)  found  this  same  relationship 
among  West  Coast  origins^  of  Douglas-fir,  cover- 


^Read,  R.  A.  Genetic  variation  in  3-yearold  seedlings  of  80 
provenances  of  ponderosa  pine.  (Unpublisfied  manuscript  on 
file  at  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Lincoln,  Nebr.) 


Figure  4.—  A  tree  from  Long  Valley,  Arizona 
origin  1647  shows  recovery  from  terminal 
dieback  wfiich  occurred  the  previous  winter. 


ing  only  a  spread  in  latitude  of  5  °  from  southen 
Oregon  to  northern  Washington.  In  well-estab 
lished  southern  Michigan  plantations,  however 
winter  damage  to  Arizona  and  New  Mexico  ori 
gins  has  not  been  appreciable  (Wright,  persona 
communication). 


Recommendations 

This  provenance  test  indicates  that  Pacifi ' 
Coast  origins  of  Douglas-fir  (var.  menziesii)  cat  ■ 
not  survive  Nebraska  winters,  and  therefor  ■ 
should  not  be  planted  here.  The  interior  (Rock 
Mountain)  origins  (var.  glauca)  exhibit  large  va 
iations  in  survival,  growth,  and  susceptibility  t ) 
cold  that  are  strongly  correlated  with  latitude  (f| 
origin.  Of  the  northern  Rocky  Mountain  origir^ 
tested,  most  survived  poorly,  grew  slowly,  an  I 


hus  are  not  recommended  (fig.  5).  Central  Rocky 
klountain  origins  have  average  survival  and 
p-owth,  yet  are  not  affected  by  low  temperatures. 
Southern  Rocky  Mountain  origins  survive  well 
md  grow  very  fast,  but  individual  trees  may  suf- 
er cold  injury. 

Major  uses  of  this  species  in  the  central  Great 
^lains  are  for  ornamental  plantings  and  for 
!^hristmas  trees.  The  slower  growing,  but  winter- 
lardy  central  Rocky  Mountain  origins  may  prove 
nost  successful  for  ornamental  plantings  in  the 
ong  run.  The  Durango,  Colorado  origin  1525, 
vhich  has  above  average  survival,  medium 
^owth,  and  no  winter  damage,  is  well  adapted  for 
andscape  plantings,  greenbelts,  and  roadside 
Darks.  Central  Rocky  Mountain  origins  could  be 
ised  for  windbreaks,  but  are  not  recommended 
because  faster  growing  species  of  pine  and  juniper 
ire  available  for  those  purposes. 

Southern  Rocky  Mountain  origins  are  best 
suited  for  Christmas  trees  because  they  grow 
"aster  and  have  bluer  foliage  (fig.  6).  Mt.  Lemmon, 
(\rizona  origin  1593  and  Mayhill,  New  Mexico 


1602  are  recommended  for  Christmas  tree  grow- 
ers in  eastern  Nebraska.  These  trees  averaged  6 
feet  tall  after  only  5  years  in  the  test  plantation. 
Crowns  were  dense  and  compact  despite  rapid 
growth.  These  fast-growing  but  cold-susceptible 
origins  should  only  be  used  in  combination  with 
other  conifers,  however.  When  protection  from 
wind  is  provided,  these  origins  are  considered  a 
safe  investment  for  a  short-rotation  crop.  In  se- 
lecting plantation  sites  it  is  therefore  essential  to 
avoid  (1)  frost  pockets  where  spring  frost  damage 
could  occur,  and  (2)  windswept  areas  where  ter- 
minal dieback  could  be  serious. 

Douglas-fir  can  be  grown  with  greatest  suc- 
cess in  eastern  Nebraska,  although  with  irriga- 
tion it  probably  can  be  grown  farther  west  in  the 
State.  For  maximum  survival,  planting  stock 
should  have  at  least  8  to  12  inches  top  height  and 
a  well-balanced  top-root  system;  such  stock  will 
normally  be  2  +  1  or  2  +  2  age  class  from  the  best 
nurseries.  Container  stock  of  less  age  may  be 
satisfactory,  but  research  results  are  not  yet 
available. 


Figure  5.— After  11  years  in  the  plantation,  this  tree  from  northern  Idaho 
origin  1562  was  less  than  5  feet  tall. 


Figure  6.— Trees  from  Mt.  Lemmon,  Arizona  origin  1593  (A)  and  Mayhill,  New  Mexico  origin  1602  (B)  illustrate  the  tallest  ori- 
gins after  1 1  years  in  the  plantation.  These  origins  produced  many  trees  with  excellent  form  as  shown  here. 
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Sprackling,  John  A.,  and  Ralph  A.  Read. 

1976.  Eastern  white  pine  in  eastern  Nebraska:  A  provenance  study  of 
southern  Appalachian  origins.  USDA  For.  Serv.  Res.  Pap.  RM-179, 
8  p.  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort  Collins,  Colo. 
80521. 

Eastern  white  pines  from  36  origins  (21  geographic  locations)  in  the 
southern  Appalachians  have  grown  rapidly  during  7  years  in  an  eastern 
Nebraska  plantation.  Neither  survival  (75  percent)  nor  height  growth 
were  correlated  with  latitude  of  origin.  The  fastest  growing  origin,  from 
Polk  County,  Tennessee,  averaged  10.9  feet  tall;  the  slowest  averaged 
8.2  feet.  Performance  of  progeny  within  origins  was  not  related  to 
parent  tree  performance.  Southern  origins  in  general  had  longest 
needles.  Northern  origins  flowered  first.  Most  origins  are  recommended 
for  ornamentals  and  Christmas  trees  only  in  eastern  Nebraska;  none  are 
recommended  for  windbreaks. 

Keywords:  Pinus  strobus,  provenances,  growth,  tree  form,  needles,  or- 
namentals, Christmas  trees. 


Although  this  report  discusses  research 
involving  pesticides,  such  research  does  not 
imply  that  the  pesticide  has  been  registered  or 
recommended  for  the  use  studied.  Registration 
is  necessary  before  any  pesticide  can  be  recom- 
mended. If  not  handled  or  applied 
properly,  pesticides  can  be  injur- 
ious to  humans,  domestic  animals, 
desirable  plants,  fish,  and  wildlife. 
.\lways  read  and  follow  the 
^upu^uUu^^  directions  on  the  pesticide  con- 
lainer. 
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U.S.  Department  of  Agriculture  to  the  exclusion  ofothi  'j 
that  may  be  suitable. 
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Preface 


This  provenance  study  is  one  of  a  dozen  ex- 
)erimental  plantations  of  various  tree  species  es- 
ablished  on  the  Horning  State  Farm  near  Platts- 
nouth,  Nebraska,  which  is  administered  by  the 
Department  of  Forestry  of  the  University  of  Ne- 
)raska.  The  USDA  Forest  Service,  through  its 
locky  Mountain  Forest  and  Range  Experiment 
station  Research  Work  Unit  at  Lincoln,  cooper- 
ites  with  the  Nebraska  Agricultural  Experiment 
station  in  research  conducted  on  this  experi- 
nental  area. 

The  specific  purpose  of  this  work  is  to  find 
md  develop  better  adapted  trees  for  use  in  all 
dnds  of  plantings,  environmental  and  commer- 
;ial,  throughout  Nebraska  and  the  Central  Plains. 
5uch  provenance  studies  of  different  species  pro- 
vide plants  of  known  origin  for  evaluation  of 


adaptability,  and  genetic  variation,  and  for  selec- 
tion, propagation,  and  breeding  for  resistance  to 
disease  and  insect  pests.  Studies  have  been  re- 
ported in  publications  listed  below. 

The  diversity  of  tree  planting  materials  under 
study  at  this  and  many  other  locations  in  the 
Plains  was  made  possible  through  cooperation  in 
a  Regional  Tree  Improvement  Project  (NC-99,  for- 
merly NC-51)  of  the  North  Central  States  Agricul- 
tural Experiment  Stations. 

Credits  are  due  Jonathan  W.  Wright,  Profes- 
sor of  Forestry,  Michigan  State  University,  for 
initiating  the  Regional  study  and  providing  the 
planting  stock,  and  to  Walter  T.  Bagley,  Asso- 
ciate Professor  of  Forestry,  University  of  Ne- 
braska, for  cooperation  in  planting  and  mainte- 
nance of  the  plantations. 
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EASTERN  WHITE  PINE  IN  EASTERN  NEBRASKA: 

A  Provenance  Study  of  Southern 

Appalachian  Origins 


John  A.  Sprackling  and  Ralph  A.  Read 


From  colonial  days  to  the  turn  of  the  twen- 
ieth  century,  eastern  white  pine  (Pinus  strobus 
J.)  was  prized  by  lumbermen  above  all  other 
rees.  Its  natural  range  extends  from  Newfound- 
and  to  Minnesota,  and  south  throughout  the  Ap- 
lalachian  Mountains  to  Georgia  (fig.  1).  Good 
/hite  pine  is  now  in  short  supply,  and  the  species 


is  no  longer  utilized  for  lumber  to  the  extent  that 
it  once  was.  But  in  the  eyes  of  arborists,  nursery- 
men, and  landscape  architects,  eastern  white  pine 
rates  high  for  arboreal  elegance  and  beauty. 

This  study  was  initiated  as  part  of  a  con- 
tinuing search  for  improved  trees  that  can  be  suc- 
cessfully  introduced   to   the  relatively   treeless 


Figure  1.— Natural  range  of  eastern  white  pine  {Pinus  strobus). 


prairies  of  the  central  Great  Plains.  Eastern  white 
pine  has  been  planted  in  eastern  Nebraska  since 
the  1800's  for  ornamental  purposes  and  to  a  much 
lesser  extent  for  windbreaks,  yet  no  information 
has  been  available  concerning  specific  seed  ori- 
gins suited  for  various  types  of  plantings.  Thus, 
the  primary  goal  of  this  provenance  test  was  to 
determine  which  seed  origins  of  eastern  white 
pine  from  the  southern  Appalachians  might  be 
well  adapted  for  windbreaks,  Christmas  trees, 
and  landscaping  purposes  in  the  central  Plains. 
Hopefully,  such  information  will  improve  success 
of  future  plantings.  The  study  was  conducted  as 
part  of  a  cooperative  Regional  Tree  Improvement 
Project  (NC-99)  of  the  North  Central  States  Agri- 
cultural Experiment  Stations. 


Previous  Work 


Distinct  geographic  races  have  not  been  de- 
lineated within  the  range  of  eastern  white  pine, 
but  genetic  differences  in  growth  rates,  drought 
resistance,  branching  habit,  and  blister  rust 
(Cronartium  ribicola  Fischer)  resistance  have 
been  indicated  (Powells  1965,  Wright  1970). 

A  rangewide  provenance  test  involving  three 
plantations  established  in  Virginia,  North  Caro- 
lina, and  Georgia  revealed  that  trees  of  southern 
Appalachian  origins  surpassed  all  others  in 
height  growth.  Trees  from  Maine,  Minnesota,  and 
Quebec  grew  slowest  (Sluder  and  Dorman  1971). 
Garrett  et  al.  (1973),  after  10  years  of  provenance 
testing  at  13  plantation  sites  throughout  the 
northeastern  United  States,  also  concluded  that 
trees  of  southern  origins  grew  fastest.  Trees  from 
Georgia  and  Pennsylvania  seed  origins,  after  7 
years  in  two  Ontario  plantations,  were  signifi- 
cantly taller  than  plantation  averages,  while 
Iowa,  Minnesota,  and  Quebec  origins  were  short- 
er (Fowler  and  Heimburger  1969).  Studies  in  Ilh- 
nois  and  Indiana  indicated  that  trees  of  Georgia, 
Tennessee,  and  North  CaroUna  origins  were  con- 
sistently taller  than  plantation  averages  after  10 
years,  while  trees  from  Maine,  Minnesota,  and 
Quebec  were  shorter  than  average  (Funk  1971).  In 
two  Michigan  plantations,  the  fastest  growing 
trees  were  from  Tennessee,  Georgia,  Pennsyl- 
vania, and  Ontario  seed  origins,  in  that  order 
(Wright  et  al.  1963).  Only  in  Minnesota  and  Wis- 
consin tests  have  trees  from  southern  Appa- 
lachian origins  grown  slower  than  trees  from 
northern  origins  (King  and  Nienstaedt  1968). 

Trees  of  northern  origins  tend  to  produce 
more  lateral  branches  (Funk  1971),  develop  more 
late-summer  shoots  (Wright  et  al.  1963,)  and  pro- 
duce more  cones  at  an  early  age  (Garrett  et  al. 
1973)  than  trees  from  southern  origins.  Survival 


rates  of  trees  from  southern  origins  exceeded 
those  of  northern  origins  in  Michigan  plantations 
(Wright  et  al.  1963),  but  were  not  correlated  with 
latitude  in  three  southern  Appalachian  planta- 
tions (Sluder  and  Dorman  1971).  Wright  et  al. 
(1963)  determined  that  eastern  white  pines  of 
southern  Appalachian  origins  had  blue-green 
foliage,  while  those  from  Maine  and  the  Lake 
States  were  green  with  no  bluish  cast.  Garrett  et 
al.  (1973)  concluded  that  trees  from  southern  Ap- 
palachian origins  produced  the  longest  needles. 


Methods 

Seed  collections  from  many  geographic  ori- 1 
gins  throughout  the  southern  Appalachian  Moun- 
tains  were  obtained  over  a  3-year  period  by 
Jonathan  W.  Wright,  Michigan  State  University. 
The  seeds  were  planted  in  a  Michigan  State  Uni- 
versity nursery  at  East  Lansing.  In  April  1968, 
2,530  (1+0)  seedlings  of  135  seed  lots  were  hfted 
and  air  freighted  to  the  Colorado  State  Forest 
Service  nursery  in  Fort  Collins,  where  they  were 
potted  in  2-  by  2-  by  9-inch  tarpaper  pots.  They 
were  then  trucked  to  Lincoln,  Nebraska,  and 
placed  in  a  shade  house. 

The  1  +  1  transplants  were  field  planted  in 
April  1969,  at  the  University  of  Nebraska's  Horn- 
ing State  Farm,  near  Plattsmouth,  Nebraska,  lo- 
cated at  41°  north  latitude,  96°  west  longitude, 
and  1,100  feet  (335  m)  elevation.  The  plantation  is 
located  on  a  gentle  north-facing  slope  of  silt  loam 
soil  derived  from  loess.  The  growing  season  aver- 
ages 170  days,  and  mean  annual  precipitation  is 
30  inches  (76  cm)  of  which  75  percent  falls  during 
the  growing  season. 

The  trees  were  machine  planted  with  tarpaper 
pots  intact  in  contour  rows  which  had  been 
sprayed  the  previous  fall  to  kill  bromegrass.  Plots 
of  each  geographic  location  were  randomly 
arranged  within  seven  rephcations.  In  some 
cases,  the  two-tree  plots  represented  a  composite 
sample  from  several  trees  collected  at  a  location 
(significance  of  those  composites  is  discussed  in  a 
later  paragraph).  In  other  cases,  the  two-tree 
plots  were  half  sibs  of  individual  parent  trees.  In 
the  latter  instance,  all  plots  of  the  family  repre- 
senting a  geographic  location  were  planted  adja- 
cent in  the  row.  The  plantation  contains  24  rows 
spaced  11  feet  (3.35  m)  apart,  with  trees  7  feet 
(2.44  m)  apart  in  each  row.  It  has  been  maintained 
annually  by  mowing  between  rows  and  spraying 
Simazine  (4  pounds  per  acre)  and  Dalapon  (10 
pounds  per  acre)  in  a  20-inch-band  (0.5  m)  along  : 
both  sides  of  each  row  to  control  weeds.  I 

Survival  counts  were  made  in  1970,  and  dead  i' 
trees  replaced  with  surplus  potted  stock  from  on 
site  and  in  the  shade  house.  Heights  were  meas-    [ 
ured  at  the  end  of  growing  seasons  from  1970  to  " 


1975.  Periodically,  the  plantation  was  checked  for 
nsects,  diseases,  and  other  damage.  Flowering 
md  cone  production  were  recorded.  Other  mea- 
surements made  in  November  1974  included: 

Form.— A  numerical  rating  of  each  tree,  rang- 
ng  from  0  to  40,  was  based  on  straightness  of 
5tem,  crown  density,  crown  balance,  and  branch 
angle.  Each  of  the  four  characteristics  was  given 
1  numerical  rating  from  0  to  10;  the  sum  of  these 
vas  the  form  rating.  Trees  with  acute  branch 
mgles,  straight  stems,  and  dense,  balanced 
Towns  rated  highest.  Crown  balance  is  the  uni- 
brmity  of  lateral  branching  on  all  sides  of  a  tree. 
Branch  angle  is  the  angle  of  lateral  branches  rela- 
ive  to  the  main  stem. 

Average      lengths      of      1-year-old      (1974) 
eedles. -Computed  from  measurements  of  sam- 
es  taken  from  lateral  branches  on  the  south  side 
if  each  tree. 


Foliage  color. 

green. 


-Blue  green,  green,  or  yellow 


Analysis  of  variance  and  multiple  range  tests 
were  made  to  determine  statistical  significance  of 
differences  in  heights  and  forms  among  the  geo- 
graphic locations.  Correlation  analyses  of  origin 
latitude,  longitude,  and  elevation  with  growth 
characteristics  were  performed. 

Data  analyses  were  complicated  by  the  fact 
that  some  seed  lots  were  composites  of  several 
trees  in  a  stand,  while  other  seed  lots  were  single- 
tree (half  sib)  progeny.  Thus,  comparisons  among 
the  135  seed  lots  were  not  possible,  because  in 
many  cases  there  were  insufficient  trees  for 
reliable  averages.  The  seed  lots  were  therefore 
grouped  into  21  geographic  locations  (table  1,  fig. 
2)  to  facilitate  comparisons.  These  groupings  are 
used  instead  of  MSU  origin  numbers  in  the  follow- 
ing discussion  of  results. 


-39' 


39«- 


36°-  ^  10 

lennessee 


Figure  2.— Locations  of  eastern  white  pine  origins  tested. 


Results 

Seedling  Survival 

Plantation  survival  was  75  percent  after  two 
growing  seasons,  and  declined  only  to  73  percent 
after  four  growing  seasons.  Survival  rates  varied 
widely  among  origins,  and  were  not  correlated 
with  origin  latitude,  longitude,  or  elevation  (table 
1).  Variations  in  success  of  weed  and  grass  control 
during  the  first  two  growing  seasons  appeared  to 
have  the  greatest  influence  on  survival. 

Height  and  Growth  Rates 

Height  and  growth  rates  were  fairly  uniform 
among  origins  (table  1).  The  multiple  range  test 
revealed  no  significant  differences  m  heights 
among  the  tallest  12  locations,  and  the  entire 
array  indicated  a  pattern  of  continuous  variation. 
Trees  from  Polk  County,  Tennessee  (12)  were  tall- 
est when  heights  were  first  measured  in  1970,  and 
remained  so  through  1975,  averaging  10.9  feet  at 
field  age  7.  The  tallest,  fastest  growing  individual 
tree  was  from  Anderson  County,  Tennessee  (10). 


This  tree.  15.8  feet  tall,  averaged  2.8  feet  height 
growth  per  year  during  the  last  5  years,  and  grew 
3.7  feet  during  the  1975  growing  season  (fig.  3).  In 
contrast,  trees  from  Cherokee  County,  North 
CaroUna  (19),  one  of  the  southernmost  origins, 
were  shortest.  They  averaged  8.2  feet,  and  had  an 
average  annual  height  growth  of  only  1.4  feet  the 
last  5  years.  Thus  the  fastest  and  slowest  growing 
origins  were  only  25  miles  apart  in  the  Great 
Smoky  Mountains.  Growth  rates  of  all  trees  have 
increased  greatly  during  the  last  2  years. 

Form 


Trees 
ginia  (5), 


from  Pocahontas  County,  West  Vir 

^ ,„„   Botetourt   County,   Virginia   (9),   anc^ 

Greenbrier  County,  West  Virginia  (6)  had  the  bes( 
form  ratings  with  an  average  of  31  (table  1 ).  Forn 
ratings  of  the  individual  trees  within  origins  wer| 
quite  variable,  but  average  ratings  for  the  21  ori 
gins  varied  less  than  did  average  heights.  Differ 
ences  in  form  ratings  among  the  best  14  origini 
were  not  significant.  The  highest  form  rating  in 
the  plantation,  a  39,  was  given  to  one  tree  from 
Pocahontas  County,  West  Virginia  (4)  (fig.  4). 


Table  1. --Eastern  white  pine 


tested  in  an  eastern  Nebraska  field  plantation,  with  seed  origin,  survival  record,  form  rating.'  need 
and  height  growth,  1971-75 


Location 

in 
figure  2 


Michigan 

State  Univ. 

origin 

No. 


State  and  county 

where 
seed  originated 


Parent 

trees   Lati- 
in     tude 
col  lection^ 


Longi - 
tude 


Basi  s: 
Elevation  progeny 
trees 


Survival,   Form   Needle 
2d  year  rating   length 


ing,'  needlej^l 

Height  grow^^ 
ean    Z  fl 

"?"L   toIal'« 


Mean 
annual 
1971-75 


No. 

°N 

"W 

ft 

m 

No. 

% 

TTSTl 

ft 

ft 

1 

2 
3 
1. 
5 
6 
7 

3571-79 

3555.58,61,62,63 

3580-811,86,87,89 

31153, 3590-9't 

3'<77-78 

356't-68 

3't61-6i(,69,79,80 

W  VA 
W   VA 
W   VA 
W   VA 
W   VA 
W   VA 
W   VA 

Wetzel 

Pleasants 

Braxton 

Pocahontas 

Pocahontas 

Greenbrier 

Greenbrier 

9 
5 
8 
6 
? 
5 
5+ 

39.5 
39.3 
38.8 
38.3 
38.0 
38.0 
38.0 

80.8 
81.1 
80.5 
79.9 
80.0 
80.2 
80.1 

800 
800 
1000 
2800 
2600 
2300 
2330 

2I1I1 
2llll 
305 
853 
792 
701 
710 

126 
68 

103 
82 
23 
63 
75 

82 
76 
77 
80 
97 
69 
73 

30 
28 
29 
30 
31 
31 
29 

89 
911 
91 
87 
86 
8ii 
8I1 

1.7 
1.6 
1.5 
1.6 
1.7 
1.6 
1.7 

9.8abcdfl 

8.9   <m 

8.I1        el 
9.1       de 
9.7abcd      1 
8.9       de 
9.3  bcde 

8 
9 

3't76 
31170 

VA 
VA 

Rockingham 
Botetourt 

? 
ii 

38.6 
37.5 

79.0 
79.6 

1500 
1550 

I157 
li72 

12 
13 

86 
71 

30 
31 

8ii 
82 

1.7 
1.7 

9.7abcde 
9.3  bcde 

10 
11 
12 

3532-3't, 36-141 

3503-12 

31*93-3502 

TENN 
TENN 
TENN 

Anderson 

Monroe 

Polk 

9 
10 
10 

36.0 
35.3 
35.0 

8I1.2 
811.2 
8I1.5 

900 
1800 
1500 

27I1 
5'i9 
1157 

103 
116 
105 

68 
81 
71 

26 
27 
28 

9'! 

911 
95 

1.9 
1.7 
1.9 

10.5ab 
9.7abcd 
10.9a 

13 
\k 
15 
16 
17 
18 
19 

3't28-35 

31(22,83,86-89,3552 

3551 

31110-18,36,37 

3ii38-iil,ii3 

31121 

3522-31 

N   C 
N   C 
N   C 
N   C 
N    C 
N   C 
N   C 

Yancey 

Burke 

Mad  i  son 

Buncombe 

Henderson 

Macon 

Cherokee 

8 
11  + 

7 
11 

5 

5 
10 

36.0 
35.9 
35.8 
35.5 
35.2 
35.1 
35.1 

82.2 
81.7 
82.7 
82.6 
82.8 
83.2 
8ii.2 

2000 
II17O 
2000 
2600 
3000 
liOOO 
1500 

610 
I1I18 
610 
792 
91I1 
1219 
I157 

I16 
69 
11 
112 
37 
11 

nil 

75 
75 
6i| 
75 
77 
57 
66 

29 
30 
30 
28 
29 
28 
27 

9I1 
89 
89 
100 
95 
87 
8I1 

1.8 
1.7 
1.8 
1.8 
1.8 
1.7 
l.ii 

9.9abcd 
9.3  bcde 
10.1  abed 
10.1  abed 
10.3abc 
g.liabcde 
8.2         e 

20 
21 

35116-118 
3513-21, I12-I15 

GA 
GA 

RAun 
Fannin,    Union 

7 
13+ 

311.9 
311.7 

83.1. 
81l.2 

1800     5'i9 
1970     600 

Plantation 

35 

160 

means 

78 
73 

28 
27 

92 
96 

1.6 
1.7 

9.3     cde 
9.7abcd 

75 

28 

91 

1.7 

9.5 
,1.   ,„ni<. 

'Lcan's^ran^e'?::"  '::::s":uno::^n^ letters  are  not  significantly  different  at  5.  level;  means  of  egual  value  may  be  separated  d. 
to  rounding  off. 


e  3.— Tallest  tree  in  the  eastern  white  pine  plantation  after 
^ears  in  the  field  was  from  Anderson  County,  Tennessee, 
oto  was  taken  in  fall  1974  when  the  tree  was  12.1  feet  tall; 
ight  growth  of  this  tree  during  1975  was  3.7  feet. 


4.— Eastern  white  pine  tree  with  the  highest  form  rating 
was  from   Pocahontas  County,  West  Virginia.  Crown 
IS  such  as  this  are  especially  attractive  for  landscaping 
[poses. 


Other  Characteristics 

Needle  lengths  were  very  weakly  correlated 
with  latitude.  Needles  of  nine  northern  origins 
averaged  88  mm  in  length  compared  to  93  mm  for 
12  southern  origins.  Trees  from  Buncombe  Coun- 
ty, North  Carolina  (16)  had  the  longest  needles, 
averaging  100  mm,  whereas  trees  from  Botetourt 
County,  West  Virginia  (9)  had  the  shortest 
needles  (82  mm).  FoUage  color  varied  from  blue 
green  to  green  to  yellow  green.  Fohage  color  was 
not  consistent  within  origins. 

In  early  spring  1972,  the  needles  on  previous 
years'  growth  turned  straw  color  on  well  over  75 
percent  of  the  trees.  It  appeared  that  mortality 
would  be  severe,  but  close  examination  revealed 
the  buds  were  alive.  Some  dieback  did  occur,  but 
height  growth  was  only  slightly  modified  when 
vigorous  laterals  quickly  assumed  terminal  domi- 
nance. The  damage  appeared  to  be  severe  desic- 
cation of  foliage  by  strong  winds  while  the  soil 
was  frozen. 

Heavy  snow,  insects,  or  diseases  have  not 
caused  damage  to  date,  but  weather  during  the  2 
years,  1974  and  1975,  has  been  unusually  hot  and 
dry.  New  needles  on  many  trees  drooped,  with- 
ered, and  turned  brown,  especially  on  the  south 
side  of  trees.  We  assume  this  was  caused  by 
drought  and  heat,  because  no  pathogen  or  insect 
was  detected;  no  mortality  is  evident. 

Damage  due  to  deer  rubbing  on  2.3  percent  of 
the  trees  has  retarded  height  growth,  but  caused 
no  mortality.  Deer  showed  no  preference  among 
the  21  origins;  they  tended  to  damage  trees  only 
on  the  periphery  of  the  plantation. 

Ovulate  flowering  first  appeared  in  1972 
when  trees  were  6  years  old.  By  1974,  20  trees  had 
cones;  15  of  these  were  from  West  Virginia.  The 
two  northernmost  origins,  Wetzel  County,  West 
Virginia  (1)  and  Pleasants  County,  West  Virginia 
(2)  had  1 1  flowering  trees. 


Discussion 

Survival  was  excellent  despite  the  fact  that 
all  seed  origins  were  from  milder  climates  and 
from  latitudes  south  of  the  plantation  site.  The 
northern  Georgia  origins  are  growing  quite  well 
more  than  6°  (approximately  400  miles)  north  of 
their  native  habitat.  In  eastern  Nebraska  they  re- 
ceive half  as  much  precipitation  and  have  a  grow- 
ing season  25  days  shorter  than  in  northern  Geor- 
gia. Most  surprising  are  the  low  temperatures 
these  southern  origins  can  tolerate.  The  lowest 
temperature  officially  recorded  over  a  39-year 
period  in  northern  Georgia  is  —  9°F  at  Clayton 
(USDA  1941).  Minimum  temperatures  recorded 


at  Weeping  Water,  Nebraska,  15  miles  from  the 
test  site,  were  lower  than  —  9°F  every  year  since 
planting  (from  -14°F  in  1970  to  -26°F  in  1974), 
yet  no  cold  damage  had  resulted. 

Paleobotanists  concur  that,  during  the  Pleis- 
tocene Ice  Age,  eastern  white  pine  was  restricted 
to  a  refugium  in  the  Central  and  Southern  Appa- 
lachians (Braun  1964).  Following  this  glacial  per- 
iod the  species  migrated  north  to  New  England, 
Canada,  and  west  through  the  Lake  States.  A 
cold-hardy  gene  pool,  which  evolved  through  nat- 
ural selection  during  the  glacial  age,  must  have 
made  possible  the  northward  migration  into  cold- 
er climates,  said  a  residual  of  this  germ  plasm  in 
present  Georgia  white  pines  may  explain  why  it  is 
able  to  survive  the  colder  winters  of  Nebraska. 

Although  latitude  accounted  for  45  percent  of 
the  variation  in  heights  of  southern  Appalachian 
seed  origins  planted  in  Tennessee  (Thor  1975),  it 
was  not  correlated  with  heights  in  this  study. 
Neither  origin  longitude  nor  location  east  or  west 
of  the  Appalachian  Range  proved  important. 
Moreover,  there  were  no  consistent  height  pat- 
terns among  geographically  related  origins.  For 
example,  our  tallest  trees  were  from  Polk  County, 
Tennessee  (12),  only  25  miles  west  of  Cherokee 
County,  North  Carolina  (19),  the  origin  of  our 
shortest  trees  (fig.  2). 

The  fastest  growing  parent  trees  did  not  nec- 
essarily produce  the  fastest  growing  progeny 
(table  2).  Polk  County,  Tennessee  (12)  progeny, 
which  had  the  tallest  average  height  in  the  planta- 
tion, came  from  seed  of  10  parent  trees  in  a  single 
stand.  However,  the  fastest  growing  parent  tree 
(3501)  in  this  stand,  although  averaging  2.39  feet 
per  year  for  49  years,  produced  progeny  which 
rank  only  eighth  in  height  among  this  group  of  10 
in  the  Homing  pleintation.  In  contrast,  the  next  to 
slowest  growing  parent  tree  (3497)  which  aver- 
aged only  1.98  feet  per  year  for  50  years,  produced 
the  tallest  progeny,  averaging  12.5  feet.  In  fact, 
because  of  the  superior  performance  of  its  prog- 
eny, parent  tree  3497  is  strongly  indicated  as  the 
best  in  this  provenance  test  for  producing  tall  off- 
spring. 

Cherokee  County,  North  Carolina  (19)  prog- 
eny, which  had  the  lowest  average  growth  rate 
and  height  in  the  plantation,  also  came  from  seed 
of  10  parent  trees  in  a  single  stand.  As  might  be 
expected,  the  slowest  growing  parent  tree  (3530) 
produced  the  slowest  growing  offspring  in  Ne- 
braska, averaging  only  6.8  feet  total  height  at 
field  age  7.  In  contrast,  the  seventh  fastest  grow- 
ing parent  tree  (3528)  unexpectedly  produced  the 
tallest  progeny  of  this  source,  averaging  9. 1  feet. 

It  is  of  interest  to  note  that  Cherokee  County, 
North  Carolina  (19)  parent  trees  averaged  2.21 
feet  per  year  growth  compared  to  2.16  feet  per   < 
year  for  Polk  County,  Tennessee  (12)  parent  trees.    ' 


fable  2. — Height  and  growth  rates  of  eastern 
white  pine  parent  trees  in  two  origin  collec- 
tion stands,  compared  to  performance  of  their 
progeny  in  the  Nebraska  provenance  plantation 
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TENN 
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2.39 

10.4 

8 

8 
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^♦9 

2.31 

11.1 

5 

16 
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^7 
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8 
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51 
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6 

12 

^38 
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51 
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13 
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51 
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4 

12 
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93 
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99 
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9 
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39 
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11 
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1.42 
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8 
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Ijus  we  might  expect  the  progenies  of  the  two 
sjirces  to  be  approximately  equal  in  height 
gt)wth,  instead  of  being  the  shortest  and  tallest, 
ri'jpectively,  of  all  origins  tested. 

i  The  unpredictable  performance  of  these  prog- 
e:|es  points  out  the  difficulties  encountered  in 
ealuating  selected  parent  trees  to  obtain  better 
sod.  Of  course,  only  the  maternal  parents  of 
tl^se  seed  lots  are  known,  and  in  addition  it  is 
Pf  sible  that  veu"iations  in  environment  (stocking 
le'els,  aspect,  slope  position,  soil  depth,  nu- 
ti'snts,  etc.)  within  seed  collection  stands  have 
sinewhat  masked  the  genetic  expression  of  the 
kjpwn  parents.  These  uncertainties  emphasize 
tl  need  to  minimize  the  unknown  variations 
tllough  provenance  testing,  particularly  where 


trees  Eire  being  introduced  to  sites  outside  their 
natural  range. 

During  eeirly  establishment,  plantation 
height  growth  averaged  1.1  feet  per  year  from 
1971  through  1973.  Growth  rates  more  than 
doubled  to  2.3  feet  in  1974,  and  2.7  feet  in  1975. 
Thus,  this  plantation  is  now  growing  faster  in 
height  than  any  other  pine  species  at  this  loca- 
tion. The  trees  are  now  well  estabUshed  and 
should  continue  to  grow  rapidly  for  the  next  10  to 
20  years. 

Northern  origins  flowered  first.  Thus  far,  no 
male  strobili  have  been  observed.  The  most  pro- 
lific tree,  with  9  cones  at  field  age  6,  was  from 
Wetzel  County,  West  Virginia  (1),  the  northern- 
most origin  tested.  Previous  white  pine  prove- 
nance test  (Wright  1970,  Garrett  et  al.  1973)  also 
indicated  that  northern  origins  flower  earliest  and 
produce  the  most  flowers. 


Recommendations 

The  following  recommendations  for  southern 
Appalachian  origins  of  eastern  white  pine  in  Ne- 
braska are  based  both  on  the  performance  of  this 
plantation,  and  observations  of  past  plantings. 

The  species  should  be  planted  only  in  the 
eastern  part  of  the  State,  except  where  irrigation 
facilities  are  available.  Sites  should  be  selected  for 
protection  from  wind  because  these  trees  "winter 
burn"  easily.  Eastern  white  pines  are  not  recom- 
mended for  general  windbreak  purposes.  The  rea- 
son is  that  they  have  a  tendency  to  deteriorate  in 
middle  age;  even  when  not  crowded,  lower 
branches  die  and  crowns  become  very  open,  pro- 
viding minimum  protection  from  wind.  Moreover, 
other  conifers  of  greater  crown  density  and 
drought  resistance  are  available  for  windbreaks. 

The  primary  uses  of  eastern  white  pine  in  Ne- 
braska are  therefore  for  ornamental  plantings  and 
Christmas  trees.  In  ornamental  plantings  where 
rapid  height  growth  is  desired,  trees  from  Polk 
County,  Tennessee  (12)  are  recommended.  Aver- 
age heights  for  this  origin  are  based  on  a  large 
number  of  sample  trees  which  have  been  consis- 
tently tallest  throughout  the  study.  Since  none  of 
the  origins  tested  exhibited  consistently  superior 
form  or  foliage  color,  we  cannot  recommend 
specific  origins  for  those  traits.  However,  growth 
rates  of  all  origins  tested  indicate  that  shearing  is 
essential  to  the  production  of  quality  eastern 
white  pine  Christmas  trees  in  Nebraska. 

The  species  might  be  grown  for  sawtimber  by 
landowners  with  an  eye  toward  long-term  invest- 
ments. White  pine  blister  rust  and  white  pine  wee- 
vil, which  have  discouraged  commercial  plantings 
within  the  northern  range  of  the  species,  are  not 
found  here. 


The  use  of  eastern  white  pine  is  somewhat 
hmited  in  Nebraska  due  to  its  lack  of  drought  re- 
sistance and  susceptibiHty  to  winter  burn  on 
windy  sites.  In  these  latter  situations,  it  is  advis- 
able to  use  southwestern  white  pine  {Pinus  strobi- 
formis  Engelm.),  a  close  relative  with  more  tol- 
erance for  drought,  although  sUghtly  slower 
growing  than  eastern  white  pine. 
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Heights,  growth  rates,  flowering,  cone  production,  needle  dimen- 
sions, and  resistance  to  Dothistroma  needle  blight  differed  significantly 
among  25  rangewide  origins  in  a  12-year  test.  The  fastest  growing  ori- 
gin, also  of  highest  resistance  to  Dothistroma  needle  blight,  was  from 
Yugoslavia;  this  origin  is  recommended  for  eastern  Nebraska.  Several 
origins  grew  slowly  or  died  because  of  winter  injury.  Most  origins  were 
moderately  to  extremely  susceptible  to  Dothistroma  pint. 

Keywords:  Pinus    nigra,    Dothistroma    pini,    provenances,    growth, 
needles,  disease  resistance,  windbreaks. 
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AUSTRIAN  (EUROPEAN  BLACK)  PINE  IN 
EASTERN  NEBRASKA:  A  Provenance  Study 

Ralph  A.  Read,  Principal  Silviculturist 
Rocky  Mountain  Forest  and  Range  Experiment  Station' 


^Central  headquarters  maintained  at  Fort  Collins,  in  cooperation  with  Colorado  State  University:  re- 
search reported  here  was  conducted  at  the  Station's  Research  Work  Unit  at  Lincoln,  in  cooperation 
with  the  University  of  Nebraska. 


Preface 


This  provenance  study  is  one  of  a  dozen  ex- 
jrimental  plantations  of  various  tree  species  es- 
iblished  on  the  Horning  State  Farm  near  Platts- 
outh,  Nebraska,  which  is  administered  by  the 
epartment  of  Forestry  of  the  University  of  Ne- 
•aska.  The  USDA  Forest  Service,  through  its 
ocky  Mountain  Forest  and  Range  Experiment 
tation  Research  Work  Unit  at  Lincoln,  cooper- 
;es  with  the  Nebraska  Agricultural  Experiment 
tation  in  research  conducted  on  this  experi- 
ental  area. 

The  specific  purpose  of  this  work  is  to  find 
id  develop  better  adapted  trees  for  use  in  all 
nds  of  plantings,  environmental  and  commer- 
al,  throughout  Nebraska  and  the  Central  Plains. 
Lich  provenance  studies  of  different  species  pro- 
de  plants  of  known  origin  for  evaluation  of 


adaptability,  and  genetic  variation,  and  for  selec- 
tion, propagation,  and  breeding  for  resistance  to 
disease  and  insect  pests.  Studies  have  been  re- 
ported in  publications  listed  below. 

The  diversity  of  tree  planting  materials  under 
study  at  this  and  many  other  locations  in  the 
Plains  was  made  possible  through  cooperation  in 
a  Regional  Tree  Improvement  Project  (NC-99,  for- 
merly NC-51)  of  the  North  Central  States  Agricul- 
tural Experiment  Stations. 

Credits  are  due  Jonathan  W.  Wright,  Profes- 
sor of  Forestry,  Michigan  State  University,  for 
initiating  the  Regional  study  and  providing  the 
planting  stock,  and  to  Walter  T.  Bagley,  Asso- 
ciate Professor  of  Forestry,  University  of  Ne- 
braska, for  cooperation  in  planting  and  mainte- 
nance of  the  plantations. 
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AUSTRIAN  (EUROPEAN  BLACK)  PINE  IN 
EASTERN  NEBRASKA:  A  Provenance  Study 


Ralph  A.  Read 


Austrian  pine  {Pinus  nigra  Arnold)  was  one  of 
e  early  tree  introductions  into  the  United 
ates  (Wright  and  Bull  1962),  and  is  now  one  of 
e  most  common  foreign  ornamentals  in  this 
untry  (Little  1961).  It  was  used  successfully  in 
e  Prairie  States  Forestry  Project  (The  Plains 
lelterbelt)  in  Nebraska,  Kansas,  and  Oklahoma, 
iefly  because  it  is  not  susceptible  to  terminal 
mage  by  tipmoth,  as  is  ponderosa  pine  (Read 
58).  Austrian  pine  grows  well  throughout  a 
oad  range  of  soils  including  sandy  loams  and 
ty  clays,  and  appears  well  adapted  to  cal- 
reous  soils.  It  is  hardy  in  southern  New 
igland,  the  north  central  United  States,  and  in 
Tts  of  the  West. 


The  natural  range  of  P.  nigra  extends  from 
longitude  5°  west  in  Spain  and  Morocco  to  about 
40°  east  in  eastern  Turkey,  and  from  35°  north 
latitude  in  Morocco  and  Cyprus  to  48°  in  north- 
eastern Austria,  and  to  45°  in  the  Crimea,  USSR 
(fig.  1).  Rangewide,  the  species  has  a  rather  dis- 
continuous and  patchy  distribution  on  the  islands 
and  peninsulas  of  the  Mediterranean,  and  in  the 
mountains  to  the  north.  The  largest  contiguous 
areas  are  in  eastern  Spain,  throughout  the 
Balkans,  and  in  western  Turkey  (Critchfield  and 
Little  1966). 

The  most  common  seed  source  of  P.  nigra  in- 
troduced and  planted  in  the  United  States  was  ap- 
parently variety  austriaca  (Hoess)  Aschers.  and 


Figure  1.— Natural  range  of  Pinus  nigra  (Critchfield  and  Little  1966),  and  location  of  provenances  in  tfie  east- 
ern Nebraska  plantation. 


Graebn.  Sources  from  other  parts  of  the  natural 
range  are  relatively  unknown  in  this  country,  ex- 
cept in  a  few  arboreta  (Wright  and  Bull  1962). 
Even  in  Europe  the  seed  sources  favored  for 
planting  were  from  a  hmited  number  of  regions 
such  as  Austria,  Calabria  (southern  Italy),  and 
Corsica.  Since  these  regions  are  mostly  peripheral 
to  the  main  forest  distribution  of  the  species, 
there  is  a  good  possibility  that  the  major  regions 
may  prove  of  greater  value  as  seed  sources 
(Debazac  1971). 

Austrian  pine  has  been  grown  in  farm  wind- 
breaks and  as  a  roadside  tree  in  the  eastern  Plains 
for  at  least  90  years.  It  was  one  of  the  most  exten- 
sively planted  pine  trees  in  eastern  Nebraska,  ac- 
cording to  Tillotson  (1906).  It  was  one  of  the  first 
conifers  tested  for  adaptability  in  the  1891 
Bruner  plantation  in  the  Nebraska  sandhills,  and 
was  planted  on  quite  a  few  acres  as  early  as  1909 
in  the  sandhills  of  the  Nebraska  National  Forest 
(Pool  1953). 

There  is  no  reliable  method  of  determining 
which  origins  of  P.  nigra  now  survive  in  the  older 
plantings  of  the  eastern  Plains,  but  the  probabil- 
ity is  great  that  planting  stock  was  obtained  from 
nurseries  in  the  eastern  United  States,  whose 
seed  supplies  were  predominantly  of  the  austriaca 
variety.  Fairly  large  variations  in  form,  branch- 
ing, length  and  stiffness  of  needles,  growth  rate, 
and  susceptibility  to  needle  blight  are  distinctly 
evident  in  local  plantings. 

A  cooperative  Regional  Tree  Improvement 
Project  (NC-99)  of  the  North  Central  States  Agri- 
cultural Experiment  Stations  made  it  possible  to 
test,  for  the  first  time,  a  wide  range  of  Pinus  nigra 


origins  for  adaptability  and  growth  in  Nebraska. 
This  paper  reports  the  results  of  that  field  study 
12  years  after  it  was  established  in  1962  in  east- 
ern Nebraska  (fig.  2). 

Previous  Work 

A  comprehensive  summary  of  research  in  the 
genetics  of  Pinus  nig^a  is  now  available  in  a  mono- 
graph by  Vidakovic  (1974).  Most  past  research  de- 
scribing genetic  variation  in  the  species  has  been 
conducted  in  Europe  by  Delevoy  (1949,  1950),  Fu- 
karek.(1958),  Vidakovic  (1960),  Debazac  (1971) 
and  by  others  reviewed  in  the  following  para- 
graphs. 

Rohrig  (1957,  1966,  1969)  described  selected 
natural  stands  throughout  parts  of  the  range 
from  Spain  to  Turkey,  and  reported  results  of  a 
provenance  study  including  variation  in  seed 
characteristics,  and  plantation  performance  at 
four  locations  in  West  Germany.  Bassiotis  (1967) 
studied  needle,  shoot,  bud,  cone,  and  seed  char] 
acters  of  23  natural  stands  in  Greece.  Significani 
differences  were  found  between  southeast  anc 
northwest  provenances.  The  Greek  populations! 
although  similar  to  var.  austriaca  in  some  trees 
and  to  var.  paUasiana  in  others,  were  considers^ 
distinct  from  other  races  of  European  black  pine. 

Arbez  and  Millier  (1971)  reported  a  study  o^ 
needle  morphology  which  included  sources  fror 
Spain,  France,  Corsica,  Italy,  Bulgaria,  TurkeyJ 
and  Crimea,  but  not  from  Greece  and  Yugoslavia] 
Significant  differences  in  needle  length  and  curva- 
ture, and  in  number  of  serrations  and  stoma  rows 
on  needles,  were  used  to  classify  the  sources  into 


Figure  2.— General  view  of  the  Austrian 
pine  provenance  plantation  Trees 
w/ere  planted  in  1962;  many  origins  are 
over  20  feet  tall  after  14  years.  The 
marker  is  12  feet  tall  against  origin  4W 
from  northwest  Turkey. 


ographic  groups.  Origins  from  Spain  and  south- 
n  France  were  similar,  and  distinct  from  all 
her  geographic  areas.  Corsican  origins  were 
;arly  distinct  from  Calabrian  (Italy).  Origins 
)m  Turkey,  Bulgaria,  and  Crimea  were  similar, 
d  generally  distinct  from  those  in  the  western 
nge. 

In  the  United  States,  performance  of  Aust- 
m  and  Corsican  pines  in  40-year-old  arboretum 
Dts  in  Ohio  was  reported  by  Aughanbaugh  et  al. 
?58). 

Wright  and  Bull  (1962)  reported  results  of  a 
plicated  test  of  2-year-old  seedlings  of  29  range- 
de  origins,  with  Greek  locations  predominating. 
)rsican  origins  were  distinct  from  all  others,  and 
;re  recognized  as  var.  poiretiana.  The  other  26 
igins  appeared  to  fall  into  two  groups:  (1)  Spain, 
ance,  Austria,  Turkey,  and  Crimea,  and  (2) 
igoslavia  and  Greece.  They  concluded  that  the 
riation  pattern  among  progenies  from  all  ori- 
is,  except  those  from  France  and  Corsica,  was 
^systematic,  and  that  the  isolation  of  small  dis- 
ntinuous  populations,  which  typifies  the  nat- 
al distribution  of  P.  nigra,  has  been  an  effec- 
^e  selection  pressure  in  causing  differentiation 
d  genetic  drift. 

Seedlings  from  the  above  study  were  field 
anted  at  various  locations  in  central  United 
ates.  Although  performance  of  four  of  those 
antations,  including  the  Nebraska,  was  report- 
by  Wheeler  et  al.  (1976),  this  Paper  presents 
e  Nebraska  data  in  greater  detail.  These  same 
aterials  were  also  the  basis  for  Lee's  (1968)  ar- 
;le  on  needle  characteristics  and  5-year  perform- 
ce  in  a  Michigan  provenance  test.  He  described 
e  distinct  groups  which  were  considered  equiv- 
nt  to  varieties  as  follows:  (1)  Spanish-French 
r.  pyrenaica  and  var.  cebennensis),  (2)  Corsican 
r.  poiretiana),  (3)  Austrian  (var.  austriaca),  (4) 
goslav-Greek-Turkish  (var.  'Balkan'),  and  (5) 
mea  (var.  caramanica).  Lee's  data  on  growth 
formance  and  needle  characteristics  will  be 
npared  with  our  data  in  the  results  that  follow. 


Materials  and  Methods 

Seedlings  of  25  origins  (table  1,  fig.  1)  under 

idy  by  Michigan  State  University,  Department 

Forestry  (Lee  1968,  Wright  and  Bull  1962)  were 

d  planted  in  eastern  Nebraska  in  1962.  Two- 

ir-old   seedlings  were  shipped  to  Nebraska  by 

freight  in  1961  from  the  Michigan  nursery, 

ji  were  grown  for  one  additional  year  in  the  For- 

ijj  Service  Bessey  Nursery  in  central  Nebraska 

)i'ore  being  field  planted. 

The  2  +  1  transplant  stock  was  machine  plant- 
!«in  April  1962  on  previously  disked  land.  A  20- 
nh-wide  (0.5  m)  band  on  both  sides  of  each  tree 


Table  1. --Austrian  pine  tested  in  an 
plantation,  with  seed  origin  locat 
geographically  (see  fig.  1) 


eastern  Nebraska  field 
ion  data  arranged 


Michigan 
State  Univ.   Country  and  location 
origin     where  seed  originated 

No. 

Lati- 
tude 

Longi 
tude' 

E levat  ion 

°N 

°E 

ft 

m 

'(03 
'(02 

SPAIN 
SPAIN 
FRANCE 
FRANCE 

Segura  Mtn 
Valdemaca  Mtn 
Pyrennes-Or  iental 
Heraul t 

37.9 

1(0.2 

es  kl.S 

'(3.8 

3.0W 
l.8w 
2.3 
3.5 

3700 
31(00 
2300 
2000 

1  130 

\QkO 

700 

610 

k\2 

FRANCE 

Cors  ica 

1(2.0 

9.2 

3000 

910 

hoi 

FRANCE^ 

Arb.  des  Barres 

1(7.8 

2.7 

500 

150 

'(23 

AUSTRIA 

V  i  enna 

1(8.2 

16.2 

1600 

1(90 

'(15 

YUGOSLAVIA  Tara  Plateau 

1(3.9 

19.5 

'(000 

1220 

'(17 
'(18 
((20 
'(28 

N  GREECE 
N  GREECE 
N  GREECE 
N  GREECE 

Pieria  Mtn 
Pindos  Mtn 
Zygos  Mtn 
Pindos  Mtn 

1(0.3 
1(0.1 
39.8 
39.5 

22.3 
21.3 
21.0 
21.2 

'(900 
'(300 
'(600 
'(000 

11(90 
1310 
11)00 
1220 

'(21 
'(29 

S  GREECE 
S  GREECE 

Mt.  Parnon 
Mt.  Parnon 

37.2 
37.0 

22.6 
22.2 

1(300 
5000 

1310 
1520 

NE  GREECE 
NE  GREECE 
NE  GREECE 

Dad  la 

Boz  Dagh  Mtn 

Thasos  Island 

1(1.1 
1(1.3 
'(0.7 

23. !( 
23.9 
2'(.7 

700 
2800 
3300 

210 

850 

1000 

hlk 
kok 
'(09 

E  GREECE 
NW  TURKEY 
NW  TURKEY 

Lesbos  Island 

Dursunbey 

Dursunbey 

39-2 

26.5 
28.2 
28.2 

2300 
2800 
2800 

700 
850 
850 

hn 

'(05 

E  GREECE 
SW  TURKEY 

Samos  Island 
Goktepe  Mtn 

37.6 
37.2 

26.8 
28.5 

2900 
3200 

880 
980 

ko\ 

'(06 

N  TURKEY 
N  TURKEY 

Ankara 
Ankara 

'(0.5 
kO.S 

32.7 
32.7 

'(000 
'(300 

1220 
1310 

1(08 

U.S.S.R. 

Crimea 

'(6.0 

Ik.O 

1650 

500 

'All  East,  except  as  noted. 

^Presumed  Italian  (Calabrian)  origin  collected  in 
France  plantation,  and  noted  as  ITA  in  tables  2  and  3. 


row  was  sprayed  with  Simazine  SOW  at  4  pounds 
per  acre  after  planting  to  control  weeds.  Planta- 
tion failures  were  replaced  during  the  first  two 
seasons  with  extra  stock  lined  out  nearby.  Since 
all  trees  of  origins  413,  414,  and  429  died  the  first 
year,  these  plots  were  replanted  with  excess  line- 
out  stock  of  origins  406,  417,  419,  and  423;  thus 
the  number  of  trees  of  those  origins  in  table  2  is 
greater  than  20. 

The  provenance  plantation  is  located  20  miles 
south  of  Omaha,  near  Plattsmouth,  Nebraska,  on 
the  Horning  State  Farm  experimental  area  man- 
aged by  the  Department  of  Forestry,  University 
of  Nebraska.  This  location,  at  96°  west  longitude 
and  41  °  north  latitude,  is  the  same  latitude  as  the 
mid-range  of  the  natural  distribution  of  Pinus 
nigra.  The  site  is  near  the  top  of  a  gentle  south- 
east-facing slope  of  silt  loam  soil  derived  from 
loess,  which  has  been  cultivated  for  a  number  of 
years  in  row  crops.  The  layout  consists  of  10  tree 
rows,  370  feet  long,  on  the  contour.  There  are  five 
replications  of  two  rows,  with  25  randomly  locat- 
ed four-tree  plots  in  each  replication.  Trees  are  7 
feet  (2.1  m)  apart,  in  rows  14  feet  (4.2  m)  apart. 

Maintenance  through  the  first  6  years  con- 
sisted of  weed  control  with  Simazine  along  the 
tree  rows  and  mowing  between  rows.  Mowing  was 


continued  for  several  years,  until  the  tree  crowns 
closed.  All  trees  in  several  plots  were  damaged 
during  the  first  3  years  by  mouse  girdling,  and 
most  of  these  eventually  died  and  were  removed. 
Strychnine-treated  grain  was  then  used  to  control 
rodents,  and  they  caused  no  further  damage. 

Tree  heights  were  measured  at  the  end  of 
growing  seasons  from  1963  through  1973,  except 
1970  and  1972.  Each  tree  was  evaluated  for  de- 
gree of  infection  by  Dothistroma  pint  in  March 

1968  and  February  1970  (Peterson  and  Read 
1971)  and  again  in  March  1974.  Occurrence  of 
flowering  was  recorded  in  May  1970,  and  cone 
production  was  rated  in  1973.  Needle  fascicles  not 
infected  by  Dothistroma  pint  were  sampled  in  fall 
1973  from  current-year  shoots  for  length  and 
diameter  measurements. 

Dothistroma  needle  blight  was  so  severe  by 

1969  throughout  the  plantation  that  we  decided 
to  reduce  its  effect  by  control  measures.  Spraying 
the  lower  6  to  8  feet  (1.8  to  2.4  m)  of  each  tree  with 
Bordeaux  mixture  in  May  1970  reduced  the  sever- 
ity of  the  disease  for  at  least  2  years.  The  disease 
has  continued  to  increase  since  1973,  however, 
and  once  again  is  severe  throughout  the  planta- 
tion. 

Considerable  crowding  of  trees  within  each 
row  was  evident  by  February  1972,  at  which  time 
we  pruned  lower  branches  from  alternate  trees  to 
half  their  total  height  to  relieve  some  of  this  com- 
petition. Height  growth  during  the  2  succeeding 
years  (1972,  1973)  was  not  significantly  affected 
by  the  pruning.  Therefore  all  remaining  trees  were 
pruned  up  to  6  feet  (1.8  m)  in  November  1974,  to 
provide  better  access  for  cone  collection  equip- 
ment and  for  field  tour  observations. 


Results 


Survival 


An  initial  survival  averaging  75  percent  or 
better  has  been  sustained  for  most  origins 
throughout  12  years  (table  2);  13  of  the  25  origins 
survived  90  percent  or  better.  We  attribute  this 
high  survival  to  the  use  of  transplant  stock  (2  + 1 ), 
which  had  one  extra  year  in  the  nursery  to  devel- 
op better  top-root  balance.  Several  other  studies 
of  these  same  materials  planted  as  2-f  0  stock  in 
the  North  Central  region  were  near  failures. 

All  trees  of  origins  413  and  414  (southern 
France),  and  429  (southern  Greece)  died  of  winter 
injury  during  the  first  2  years  after  planting.  Cor- 
sican  origin  412,  although  showing  considerable 
needle  mortality  each  year,  has  survived  but 
grown  slowly.  Greek  origins  421  (sOuth)  and  422 
(north)  also  had  greater  than  average  mortality. 
Approximately  20  percent  of  the  total  mortahty 
of  135  trees  was  caused  by  mouse  girdling. 


Height  Growth 

Yugoslavian  origin  415,  reported  by  Peterson 
and  Read  (1971)  as  consistently  high  in  resistance 
to  Dothistroma  pini,  exceeded  other  origins  in 
height  growth  (table  2).  Nine  other  origins  were 
also  considerably  above  average.  Four  northern 
Greece  origins— 417,  418  (fig.  3),  420,  and  428  lo- 
cated in  the  Pindos  Mountains  at  southern  end  of 
the  Dinaric  Alps,  which  parallel  the  Adriatic 
Coast  of  Yugoslavia  and  Albania— were  in  this 
group.  Origin  407  from  Italy  by  way  of  a  French 
plantation,  origin  408  from  the  Crimea,  409  from 
Turkey,  and  427  from  Samos  Island  off  the  south- 
west coast  of  Turkey,  were  also  in  this  faster 
growing  group.  It  should  be  noted  that  two  of 
these  fast  growing  origins,  408  from  the  Crimea 
and  427  from  Samos  Island,  are  separated  by  over 
8°  of  latitude. 

In  the  average  and  slower  groups  were  origin 
423  from  Austria,  four  origins  from  Turkey  (401, 
406,  404,  and  405),  Greek  island  origins  Thasos 
and  Lesbos  (419  and  426),  and  Spanish  origins 
(402  and  403).  The  slowest  origins  were  from  Cor- 
sica (412),  southern  Greece  (421),  and  northern 
Greece  (424). 

Height  growth  rate  was  slow  but  steady  dur- 
ing the  first  3  years  after  planting.  The  mean  an- 
nual height  growth  since  1966  has  been  1.80  feet 
(table  2,  fig.  4).  Most  origins  have  shown  a  steady, 
consistent  growth  rate,  but  the  three  slowest 
growers,  though  increasing  during  1967-71,  have 
since  fallen  off. 

Height  growth  data  compare  reasonably  well 
with  Lee's  (1968)  results  in  Michigan.  In  a  5-year- 
old  plantation  of  the  same  materials  as  in  our 
study,  he  reported  the  Crimean  origin  408  fastest 
growing,  followed  by  the  Yugoslavian  origin  415. 
His  Austrian  origin  423  grew  slowly,  and  Corsi- 
can  412  was  the  slowest. 

Our  results  also  corroborate  in  several  ways 
Rohrig's  (1957,  1966)  assessment  of  growth 
in  parent  stands  and  performance  in  his  prove- 
nance study  in  West  Germany.  He  reported  that 
the  best  parent  stands  in  the  territory  from  the 
eastern  Alps  to  southern  Greece  were  those  in 
central  Yugoslavia.  In  his  6-year-old  provenance 
study,  however,  the  origin  of  best  growth  was 
from  southern  Italy,  which  would  be  comparable 
to  our  second-ranked  origin  407.  His  Yugoslavian, 
northern  Greece,  and  Austrian  origins  performed 
about  the  same,  but  were  considerably  slower 
than  the  Calabrian  (southern  Italy).  Although  he 
assessed  the  Spanish  and  Corsican  parent  stands 
as  very  good,  most  of  those  origins  did  not  per- 
form satisfactorily  in  his  provenance  study  be- 
cause they  suffered  winter  injury.  Although  our 
Corsican  origin  was  similarly  affected,  our  Span- 


le  2. --Austrian  pine  tested  in  an  eastern  Nebraska  field  plantation,  with  seed  origin,  survival  records,  and  other  characteristics 

(origins  arrayed  in  order  of  growth  rate) 
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0  -Height  growth  of  origin  418  northern  Greece  (left) 

i-icbly  exceeds  that  of  origin  412  Corsica  (right).  The 

3reece  source  shown  here  is  very  similar  to  the  Yu- 

source,  which   has  shown  resistance  to  Dothi- 

edie  blight. 


ish  sources  have  not  yet  been  hurt  by  winter  cold, 
but  they  have  shown  extreme  susceptibiHty  to 
Dothistroma pini  (Peterson  and  Read  1971). 


Flowering 

No  relationship  between  flowering  and  rate  of 
growth  or  geographic  location  of  origins  could  be 
detected  (table  2).  Prior  to  1969  the  plantation 
produced  no  staminate  and  only  a  few  ovulate 
strobili.  Since  1969  the  percentage  of  trees  bear- 
ing ovulate  strobili  has  increased  sharply. 

The  fast-growing,  Dothistroma-resistant, 
Yugoslavian  origin  415  does  not  rate  high  in  flow- 
ering. The  most  prohfic  origins  to  date  have  been 
Italian  407,  Austrian  423,  and  two  Turkish  ori- 
gins 401  and  406.  Of  these,  only  407  is  in  the  fast- 
growth  class.  Several  origins  have  not  produced 
cones. 

Although  Pinus  nigra  tends  to  flower  and 
produce  many  cones  each  year  in  eastern  Ne- 
braska, it  does  not  necessarily  follow  that  viable 
seed  set  is  obtained  annually.  Data  on  flowering, 
frequency  and  size  of  cone  crops,  and  seed  set  are 
not  likely  to  be  rehable  until  the  plantation  is  20 
or  more  years  old. 
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Figure  4.— Height  growth  curves  for  groups  of  Pinus  nigra  ori- 
gins after  12  years  in  an  eastern  Nebraska  plantation. 


1962         63 


64 


65 


56 


67  68 

Year 


69 


70 


72 


73 


Needle  Characteristics 

Differences  in  needle  lengths  and  fascicle 
diameters  among  origins  were  significant.  Aver- 
age length  of  needles  for  all  origins  in  the  planta- 
tion was  136  mm;  average  fascicle  diameter  was 
1.65  mm  (table  2).  The  two  Spanish  origins,  402 
and  403,  had  the  longest  and  most  slender 
needles.  In  contrast,  two  Greek  origins,  422  and 
424,  had  short,  thick  needles.  Most  Greek  origins 
had  shorter  needles  than  the  average,  except 
Samos  Island  origin  427  off  the  southwest  coast 
of  Turkey. 

Needles  of  trees  from  Corsica  origin  412, 
Crimea  408,  and  Italy  407  were  also  very  long, 
but  were  different  in  fascicle  diameter  or  curva- 
ture. Corsican  trees  had  long,  curly  needles, 
Crimean  trees  had  long,  very  thick  needles,  while 
Italian  trees  had  needles  that  were  long,  but  of 
average  thickness. 

Our  data  agree  relatively  well  with  needle 
measurements  of  the  same  sources  in  Michigan 
reported  by  Lee  (1968).  His  needle  lengths  and 
widths  averaged  70  to  80  percent  of  ours,  which 
may  be  explained  by  the  fact  that  his  materials 


were  only  5  years  old  and  growing  in  a  colder  en- 
vironment with  a  shorter  growing  season. 

Other  studies  on  needle  lengths  are  not  easy 
to  compare  with  ours,  because  they  either  do  not 
contain  rangewide  sources  or  they  are  of  different 
age  trees.  Despite  this  difficulty,  our  data  agree 
with  the  extremes  reported  on  needle  lengths.  Ar- 
bez  and  Millier  (1971)  for  example,  reported  data 
for  3-year-old  seedlings  from  origins  similar  to 
ours,  except  for  Greece,  Yugoslavia,  and  Austria. 
Their  Spanish,  Corsican,  and  Crimean  origins  had 
the  longest  needles,  and  those  of  all  10  Corsican 
origins  sampled  were  very  curly.  Bassiotis  (1967), 
reporting  needle  lengths  for  18  natural  stands  in 
Greece,  found  northeastern  and  extreme  southern 
stands  had  the  shortest  needles.  This  was  also  the 
case  with  our  origins  422,  424,  and  421,  which 
were  comparable  to  his  locations.  Bassiotis' 
Thasos  Island  and  Samos  Island  stands  had  long 
needles,  whereas  only  trees  of  our  Samos  Island 
origin  427  were  long  needled. 

Abnormalities  in  needle  structure  of  P.  nigra 
were  reported  by  Lee  and  Andresen  (1968).  We  en- 
countered two  trees,  one  of  origin  417  and  one  of 
428,  both  in  northern  Greece,  which  contained 


t 


•ee-needle  fascicles.  This  variation  from  the  nor- 
il  will  be  followed  in  greater  detail  during  sub- 
}uent  sampling,  to  determine  its  frequency  on 
lividual  trees  as  well  as  throughout  the  differ- 
;  origins. 


Table  3. -"Austrian  pine  origins  in  an  eastern  Nebrasl<a  pianta- 
tion,  and  their  record  of  infection  by  Dothistroma  pini    in 
1968  (Peterson  and  Read  1971) 


Michigan 
State  Univ. 
or  ig  i 
No. 
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fection  by  Dothistroma 

Although  the  fastest  growing  origin  (415 
m  Yugoslavia)  was  least  infected  by  Dothis- 
ma  pini,  relative  resistance  has  little  relation- 
p  overall  with  rate  of  growth  (table  3). 
strian  origin  423  and  two  northern  Greece  ori- 
is,  418  and  420,  which  are  at  the  southern  end 
the  same  mountain  range  as  the  Yugoslavian 
irce,  appeared  to  be  somewhat  resistant.  The 
west  growing  origin,  424  from  northeastern 
eece,  showed  little  resistance  but  was  less  sus- 
itible  than  the  Spanish  (fig.  5)  and  Turkish  ori- 


YUG      'tis 


65 


-Although  Spanish  source  402  shown  here  is  moder- 
£t  growing,  it  has  long,  slender  needles  highly  sus- 
lijto  Dothistroma  needle  blight.  In  contrast,  the  taller 
e  background  from  Yugoslavia  has  shorter,  thicker, 
itpr  needles  resistant  to  the  needle  blight. 
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gins.  This  corroborates  the  observation  of  Peter- 
son and  Read  (1971)  that  a  broad  range  of  genetic 
material  (in  growth  rate  and  other  characters)  is 
available  for  selection  ^nd  breeding  for  resistance. 

Interesting  new  data  on  monoterpene  analy- 
ses are  available  from  Arbez  et  al.  (1974).  Utiliz- 
ing new  source  materials  not  reported  in  previous 
research  (but  with  no  Greek  origins),  they  found 
highly  significant  differences  in  limonene  compo- 
sition between  Corsican  and  Italian  origins.  Corsi- 
can  origins  also  had  traces  of  terpinolene  and  A  3- 
carene,  which  no  other  sources  contained. 

Most  interesting,  however,  is  the  high  con- 
tent of  j3-pinene  in  both  Yugoslavian  origins 
sampled.  Two  other  origins,  one  from  Turkey  and 
the  other  from  Crimea,  were  also  high  in  |3-pinene, 
but  these  two  did  not  rate  high  in  Dothistroma  re- 
sistance in  our  plantation.  Only  the  Spanish  ori- 
gins were  significantly  higher  in  myrcene  content 
than  any  other  origin,  and  these  were  among  the 
most  susceptible  to  Dothistroma  in  our  planta- 
tion. 


Discussion 

Overall  performance  of  the  25  origins  of  Pinus 
nigra  in  this  eastern  Nebraska  plantation  indi- 
cates superiority  of  the  central  Yugoslavian  ori- 
gin 415.  Two  other  origins,  418  and  420  from  the 
Pindos  Mountains  in  northern  Greece,  also  show 
promise  as  reasonably  fast  growers  with  "some" 
resistance  to  Dothistroma  needle  blight.  Austrian 
origin  423  also  rates  fairly  high  in  Dothistroma 
resistance,  but  height  growth  is  not  as  fast  as  10 
other  origins. 

We  recommend  the  Yugoslavian  seed  source 
for  planting  stock  production  in  Nebraska.  Seed- 
Ungs  of  this  origin  are  being  produced  for  Clarke- 
McNary  tree  distribution,  and  addition,  a  seed  or- 
chard of  Yugoslavian  seedling  transplants  has 
been  established. 
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Abstract 

Donnelly,  Dennis  M.,  and  Roland  L.  Barger. 

1977.  Weight  scaling  for  southwestern  ponderosa  pine.  USDA  For. 
Serv.  Res.  Pap.  RM-181,  9  p.  Rocky  Mt.  For.  and  Range  Exp. 
Stn.,  Fort  Collins,  Colo.  80521. 

Weight  scaling  is  an  increasingly  important  alternative  to  stick 
scaling  as  average  saw  log  size  decreases.  Regression  weight  scaling  was 
found  to  be  more  precise  than  sample  stick  scaling  or  ratio  weight 
scaling  for  estimating  sale  and  truckload  log  volumes,  but  all  three 
methods  were  acceptably  precise.  The  most  precise  regression  equation 
included  both  net  load  weight  and  log  count.  Individual  truckload 
volumes  may  be  estimated  as  part  of  a  woodyard  inventory  system  from 
weight  scaling  tables  generated  from  regression  equations.  Potential 
errors  are  discussed  with  examples,  and  techniques  for  avoiding  these 
mistakes  are  suggested. 

Keywords:  Weight  scaling  (log),  scaling  (log),  Pinus  ponderosa. 
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Weight  Scaling  for  Southwestern  Ponderosa  Pine 


Dennis  M.  Donnelly  and  Roland  L.  Barger 


The  Study  in  Brief 

Weight  scaling,  a  method  of  estimating  board-foot 
icale  of  truckloads  of  logs  widely  accepted  in  other 
jarts  of  the  Nation,  can  also  be  used  to  estimate 
3oard-foot  scale  of  ponderosa  pine  saw  logs  in  the 
southwest  with  generally  acceptable  levels  of  pre- 
;ision. 

Regression-based  weight  scaling  is  more  accurate 
han  sample-stick  scaling  or  ratio  weight  scaling. 
\mong  many  possible  regression  equations,  three 
vere  tested;  the  most  precise  of  these  uses  both 
veight  and  log  count  as  input  information  to  esti- 
nate  truckload  volume. 

Existing  computer  programs  can  generate  tables 
or  direct  determination  of  truckload  volume  from 
veight  alone  or  from  weight  and  number  of  logs, 
rhese  weight-scaHng  tables  can  be  used  to  estimate 
otal  sale  volumes  and  to  estimate  incoming  indi- 
adual  truckloads  as  part  of  a  woodyard  inventory 
;ystem. 

Generalized  recommendations  are  not  possible 
fince  each  weight-scaling  opportunity  is  partially 
iinique.  However,  several  guidelines  are  worth  con- 
jidering. 

1  Weight  scaling  must  be  applied  with  some  discre- 
iion.  Applying  data  from  one  sale  or  a  group  of  sales 
pay  not  give  accurate  results  on  another  sale.  If 
Possible,  log  loads  should  be  grouped  according  to 
■ale,  season,  species,  size,  or  other  applicable  fac- 
jors.  This  sorting  will  eliminate  the  major  sources  of 
Ij'eight-scaling  variation.  Loads  can  be  sampled  with- 
fx  each  group  and  separate  regressions  computed. 
I  An  initial  sample  should  be  updated  by  some  level 
i  continuous  sampling  to  verify  and,  if  necessary, 
jpcompute  scaling  tables.  When  we  used  data  from 
pads  scaled  in  spring  to  estimate  loads  weighed  in 
immer  and  fall,  results  were  inaccurate  or  marginal 
)r  most  equations. 

A  regression  involving  weight  and  number  of  logs 
tables  the  user  to  reduce  his  sample  size  while 
aintaining  the  precision  of  ratio  weight  scaling  or 
imple-stick  scaling.  Conversely,  precision  can  be 
jcreased  using  a  regression  when  sample  size  is  the 
iime  as  in  ratio  weight  scaling  or  sample-stick 
paling. 

This  study  did  not  consider  in  any  detail  the 
genomics  of  weight  scaling  with  respect  to  costs, 
'lue  of  scaled  material,  or  differences  in  material 
ske.  These  relationships  for  Rocky  Mountain  timber 


products  may  change  somewhat  with  the  recent 
Forest  Service  commitment  to  adopt  100  cubic  feet  of 
wood  (the  cunit)  as  a  sale  measurement  unit.  Also, 
further  in  the  future  is  the  adaptation  of  scaling 
methods  to  the  metric  system. 

Procedural  facets  of  weight  scaling  such  as  sam- 
pling and  statistical  analysis  are  well  developed  and 
defined.  How  these  procedures  may  be  applied  under 
future  developments  in  the  central  and  southern 
Rocky  Mountains  is  open  to  question.  There  will 
undoubtedly  be  new  opportunities  to  improve  on 
existing  methods  while  these  necessary  changes  are 
being  implemented. 

Review  of  weight-scaling  evolution  highlighted  the 
areas  of  investigation  in  this  study:  feasibility  of 
weight  scaling  for  southwestern  ponderosa  pine; 
sources  of  variation  and  error  found  in  weight 
scaling;  and  the  comparison  of  performance  of  re- 
gression weight  scaling  with  two  traditional  methods. 
In  order  to  use  these  or  any  other  regression  weight- 
scaling  equations,  some  pitfalls  can  be  avoided  and 
these  are  discussed. 


Background 

Saw  logs  are  now  weight  scaled  by  the  forest 
products  industry  in  many  areas.  Acceptance  of 
weight  scaling  has  been  increasing  as  average  saw-log 
size  decreases  due  to  depletion  of  large  old-growth 
timber  on  easily  accessible  sites.  More  logs  per 
thousand  feet  board  measure  (M  tbm)  log  scale 
means  more  time  spent  for  100  percent  stick  scaling. 

Sample-stick  scaling,  ratio  weight  scaling,  and 
regression  weight  scaling  are  among  alternatives  to 
stick  scaling  all  logs.  Although  sample-stick  scaling 
and  ratio  weight  scaling  are  actually  simple  forms  of 
regression  analysis,  a  distinction  is  made  between 
them  and  the  other  three  regression  weight-scaling 
equations  developed  in  this  report. 

Sample-stick  scaling  requires  scaling  a  random 
sample  of  log  loads  for  board-foot  volume,  and 
multiplying  the  resulting  average  volume  per  load  by 
the  number  of  all  incoming  loads.  For  ratio  weight 
scaling,  sample  loads  are  both  weighed  and  scaled 
so  that  a  ratio  of  mean  scale  to  mean  weight  can  be 
calculated.  This  ratio  is  multiplied  by  the  total 
weight  of  ail  incoming  loads  to  give  estimated  log 
scale  for  all  loads.  In  regression  weight  scaling — the 
primary  focus  of  this  report — the  relationship  might 


simply  be  a  weight-to-scale  ratio.  Precision  may  be 
improved,  however,  by  an  additional  variable  such  as 
number  of  logs  per  truckload. 


Weight  Scaling — Past  and  Present 

Possibilities  tor  scaling  wood  products  by  weight 
were  suggested  by  Schumacher  (1946).  In  addition  to 
illustrating  a  volume-weight  correlation,  he  pointed 
out  differences  due  to  sale  origin  of  the  logs.  Taras 
(1956)  further  showed  how  pulpwood  measurement 
was  affected  by  log  diameter,  length,  and  moisture 
content.  The  close  correlation  between  saw-log 
board-foot  volume  and  weight  was  demonstrated  by 
Guttenberg  et  al.  (1960). 

Early  workers  did  not  deal  with  the  effect  of  saw- 
log  si/e,  either  directly  or  in  terms  of  logs  per  load.  A 
later  study  showed  that  using  number  of  logs  per 
truckload  increased  scaling  accuracy  for  logs  of 
mixed  lengths  (Bair  1965).  For  a  given  log-load 
weight,  board-foot  scale  decreases  as  log  number 
increases,  so  using  number  of  logs  per  truckload  as  a 
scaling  variable  accounts  indirectly  for  log  size. 

Computerized  printing  of  scaling  tables  based  on 
weight  and  number  of  logs  per  truckload  was  demon- 
strated by  Row  and  Fasick  (1966).  Weldon  (1967) 
showed  it  was  feasible  to  weight  scale  truckloads  of 
mixed  pine  and  hardwood  logs.  More  recently, 
weight  scaling  has  been  extended  to  include  truck- 
loads  of  tree-length  logs  for  multiproduct  conversion 
(Guttenberg  and  Fasick  1973,  Tyre  et  al.  1973, 
Fasick  et  al.  1974).  This  application  can  be  useful  in 
log  concentration  and  sorting  yards  where  long  logs 
are  bucked  for  various  uses — saw  logs,  veneer  logs, 
or  pulpwood — to  improve  utilization  and  economic 
return. 


Study  Objectives 

This  study  had  three  objectives: 

1.  To  test  the  feasibility  of  regression  weight  scaling 
as  a  means  of  scaling  both  truckloads  of  south- 
western ponderosa  pine  saw  logs  and  total  log 
output  from  a  sale  over  a  period  of  time. 

2.  To  identify  and  evaluate  potential  sources  of  vari- 
ation that  may  reduce  reliability  of  weight  scaling 
for  southwestern  ponderosa  pine. 

3.  To  compare  the  relative  precision  of  regression 
weight  scaling  against  sample-stick  scaling  and 
ratio  weight  scaling. 

Scaling  research  with  other  species  has  demon- 
strated that  gross  board-foot  volume  is  correlated 
with  weight  and  number  of  logs  per  load.  This  rela- 
tionship may  be  complicated  by  other  factors  acting 


singly  or  in  combination;  for  example,  species  mix. 
heartwood-sapwood  proportion,  specific  gravity, 
moisture  content,  bark,  defect,  and  log  size.  Al- 
though only  easily  measured  variables  can  be  eco- 
nomically used  to  estimate  gross  scale,  weight-scale 
users  should  know  the  effects  of  these  other  factors. 
Consequently,  variables  of  season,  log  mix.  and  sale 
area  were  evaluated  as  part  of  this  study. 


How  the  Study  Was  Conducted 

Ponderosa  pine  weight-scale  data  were  collected  at 
a  sawmill  near  Flagstaff.  Arizona.  Data  were  col- 
lected on  two  randomly  picked  days  each  week  from 
April  through  December.  The  first  truck  arriving 
after  8  a.m.  was  designated  the  initial  observation, 
and  every  following  fifth  load  was  sampled.  Mixed 
species  loads  were  not  sampled.  A  total  of  539  truck- 
loads  of  logs  from  nine  sales  were  measured  (table  1). 

For  each  truckload.  the  following  data  were  tal- 
lied: 

Data  taken  at  truck  scales: 

Date. 

Load  number. 

Logging  unit  (sale)  origin. 

Gross,  tare,  and  net  truck  weights. 
Data  taken  in  the  log  yard: 

Total  number  of  pieces  in  the  load. 

Number  of  "blackjack"  (young  growth)  pieces  in 

the  load. 
Data  taken  on  the  sawmill  deck: 

Gross  scale  (Scribner  Decimal  C  log  rule  for  all 

scale  measurements). 

Defect  scale.  ^  i 

Net  scale.  t  ' 

Total    number    of   standard     16-foot    saw    logs 

scaled. 

We  used  several  statistical  methods  to  analyze  the 
data.  First,  three  regression  equations  incorporating 
load  weight  and  number  of  logs  were  used  to  esti- 
mate gross  board-foot  volume  per  truckload  for  all 
sales  together.   Since  it   is  probable  that  other  log   . 
qualities  influenced  estimation  accuracy,  an  analysis  .. 
of  variance  next  helped  identify  these  factors.  We 
considered  season,  load  mix  of  blackjack  and  yellow 
pine,  log  length,  and  sale  origin.   Finally,  we  com- 
pared the  predictions  of  several  scaling  equations— 
sample-stick  scaling,   ratio  weight  scaling,  and  the 
best  of  the  three  regression  weight  scaling  equations. 
For  these  comparisons  we  chose  4  percent  error  as  a     i 
limit  ot  scaling  accuracy.  Thus  in  the  following  dis- 
cussions, equations  and  weight-scaling  methods  that    ,\ 
estimated  gross  scale  within  4  percent  of  the  known  tj 
value  were  considered  adequate. 


Table  l.--Data  summary  (by  sale)  of  saw-log  volume,  weight,  and  number  of  logs  per  truckload 


Truck- 
loads 

Saw- log   vo 

ume 

Weight 

Logs 

Sale  name 

Average 
load 

^""'^^r''            Ran 
dev 1  at  ion 

ge 

Average 
load 

Standard 

.    ^ .             Range 
deviation 

Average 
load 

Standard 
deviation 

Ra 

ige 

So. 

-  - 

-  -     M  fbm 





-  Pounds 



-   - 

■   -  No.    -   - 

-   - 

Bly 

Fisher 

lunds 

lewman 

'ine  Mountain 

228 

22 

6 

116 

5.326 
'4.915 
5.288 

0.777 
.621 

I.OIO 
.721 
.800 

7. 380  - 
6.100  - 
6.150  - 
7.070  - 
7.250  - 

3.110 
3.7140 
3. 060 
3.600 
2.1480 

147,181 
59.958 
51,127 
5I4.312 
1414,1491 

5,276 
12,8143 
6,826 
5,987 
6,509 

62,910  - 
98,020  - 
58,280  - 
65,060  - 
79,770  - 

33,550 
143,680 
38,660 
27,750 
35,260 

12.6 
15.1 
18.2 

17.9 

16.8 

2.6 

2.1 
I4.I4 
3.7 
6.0 

23  - 
22  - 
26  - 
28  - 
36  - 

7 
12 
II4 
10 

8 

Jobber's   Roost 
rhomas 
Watershed 
(hitehorse   Burn 

29 
1 
1 

32 

5.286 
'4.9'tO 
2.  9*40 
14.282 

.939 
1.135 

7.8I4O  - 
6.5140  - 

3.  "490 
1.600 

50,2314 
59,800 
1414,180 
56,766 

5, 5140 
9,801 

63,050  - 
75.'t90  - 

'40,330 
28,5'tO 

16. I4 
18.0 
22.0 

29.8 

3.2 
10.2 

25  - 

69  - 

11 
16 

Total   or 
weighted  average 

'539 

5.030 

.930 

7.81^0  - 

1.600 

149,295 

7,721 

98,020  - 

27,750 

15.9 

6.1 

69  - 

7 

value 

This  figure  is  total  number  of  truckloads  sampled.   All  other  figures  in  the  row,  except  range  values,  are  weighted  averages  for 
iail  data. 


Results  of  the  Study 

legression  Weight  Scaling 

Three  different  regression  equations  were  used  to 
itimate  truckload  board-foot  volume.  All  used 
eight  as  an  input  factor;  two  equations  also  used 
umber  of  logs  per  load: 


and  International  log  rules  predominate  in  the 
South,  it  is  possible — though  unlikely — that  scaling 
by  Scribner  Decimal  C  might  be  different.  We  did 
not  have  data  to  test  this  difference.  Row  and  Gut- 
tenberg  (1966)  obtained  R'  of  0.89  or  better  with  the 
International  Rule  and  Eq.  3,  however. 


V  =  bo+b,w  [Eq.  1] 

V  =  bo+b,w  +  bjn  [Eq.  2] 

V  =  bo  +  b,w  +  b2n  +  b3Vw"n  [Eq.  3] 
ihere: 

\=  estimated   truckload   gross   saw-log   volume   in 

1  ousands  of  board  feet, 

\  =  truckload    net    log    weight    in    thousands    of 

]{>unds, 

1!=  number  of  logs  on  the  truckload, 

tl  b,,  bj,  and  b,  =  regression  coefficients. 

Table  2  summarizes  regression  equations  obtained 
li  fitting  the  three  equations  to  all  weight-scaling 
clta  and  to  two  data  subsets. 

In  table  2,  the  R^  statistic  indicates  the  amount  of 
sitistical  variation  explained  by  each  regression.  For 
eample,  regression  equation  1,  applied  to  all  data, 
eplains  29  percent  of  total  variation  in  the  de- 
pndent  variable,  that  is,  volume  per  truckload. 
Smdard  error  of  the  estimate  (SE  est.)  is  a  measure 
o  how  precisely  the  regression  equation  predicts 
viume.  (The  smaller  the  standard  error  the  better.) 
Itean  also  be  used  with  other  quantities  to  compute 
a  tatistical  confidence  interval  around  a  predicted 
viue.  With  respect  to  table  2,  note  that  standard 
eiors  of  an  estimate  can  be  compared  only  within  a 
sfc'nple  data  group,  not  between  data  groups. 

Low  values  for  R^  were  a  surprising  initial  result. 
Ifistudies  cited  earlier,  correlation  between  board- 
fdt  scale  and  weight  yielded  R^  values  of  0.80  or 
b<ter  for  southern  pine  saw  logs.  Since  the  Doyle 


Table  2. --Summary  of  regression  coefficients  (bo,  bi ,  bz ,  bj) , 
their  standard  errors,'  and  the  coefficients  of  variation  (R^)^ 
for  three  equations  applied  to  three  data  groups;  the  dependent 
variable  is  truckload  volume  in  thousand  board  feet  (M  fbm) 


Data  group 

Truckload 

Logs   on 

and 

weight. 

truckload. 

S.E. 

regression 

w 

n 

/  w   n 

r2 

esti- 

equat ion 
number 

(bo) 

(bi) 

(b2) 

(b,) 

mate 

ALL  DATA  (539  loads): 


1             1.83620 

0.061479 

(0.001438) 

0.29  0 

.7851 

2              2.I466I9 

0.07935 
(0.0031414) 

-O.08I467 
(O.OOI436) 

.58 

.6018 

3              2.578014 

0.128143 
(0.01139) 

O.OI4I492 
fo. 029014) 

-O.I66I4I 
(0.03688) 

.60 

.5910 

DATA   FOR   BLY 

SALE   ONLY: 

1             -0.207314 

0.11787 
(0.00587) 

.6I4 

.I4670 

2              0.90655 

0.11792 
(0.00511) 

-0.08875 
(0.01030) 

.73 

.I4059 

3             0.87577 

0.10038 
(0. 02891) 

-0.15355 
(0.10562) 

0.069 16 
(0.11218) 

.73 

.I406I4 

DATA   FOR   SPRING 

SEASON   ONLY: 

1               2.08108 

0.06065 
(0.00586) 

.33 

.7002 

2               2.73903 

0.07573 
(0.00538) 

-0.09395 
(0.01102) 

.50 

.606I4 

3               2.67032 

-0.013714 
(0.03810) 

-0.386514 
(0.12385) 

0.32883 
(0.13866) 

.51 

.5999 

'standard  errors  appear  below  their  respective  coefficients 
within  parentheses. 

^Although  R^  in  the  table  is  a  decimal  proportion,  it  is  also 
common  to  speak  of  "percent  variation  explained."  Thus,  0.29 
means  "2^%   of  the  variation  explained  by  the  regression." 


Computer  analysis  of  our  data  by  means  of  Eq.  3 
yielded  a  set  of  weight-scaling  tables  (tig.  1;  these 
tables  are  examples  for  a  specific  situation  only,  and 


should  not  be  used  for  any  ongoing  applicatio 
Output  from  the  computer  analysis  included  regr 
sion  coefficients  for  the  specific  equation  (see  tal 


POUNDS 
THOUSfiNDS 


U6030 
<.7000 
l«800] 
<>90S0 
SOOOO 
SlIOB 
SZOOD 
$300S 
SliOOt 


000 


5.559( 

2.09) 

5.653 ( 

2.1i»l 

5.7<.7< 

2.20> 

5.8<>i( 

2.26> 

5.936( 

2.33J 

6.0311 

2.«.t» 

6.1261 

2.<»9I 

6.2221 

2.571 

6.318< 

2.66  ) 

6.i.ll»C 

2.7I.J 

2C0 


5.57H{ 

?.n> 

5.672( 

2.151 

5.766( 

2.21) 

5. 8601 

2.27) 

5.955( 

2.35) 

6.050< 

2.U2) 

6.1i.5( 

2. 51) 

6.2i»l( 

2.59) 

6.337( 

2.57) 

6.<433( 

2.76) 

8    L05S 

HUNORFOS 

".0  0 

H    80AR1 

FEFT 

5.5971 

2.101 

5.690( 

2.16) 

5.  78i.t 

2.22) 

5.879 ( 

2.29) 

5.97<.< 

2.36) 

6.069( 

2.'«<«) 

&.16i»l 

2.52) 

6.260( 

2.61) 

6.356( 

2.69) 

6.  1.5  2  ( 

2.78) 

600 


5.615( 

2.12) 

5.709( 

2.17) 

5.803( 

2.23) 

5.898( 

2.301 

5.993( 

2.38) 

6. 088( 

2. '•6) 

6. 183( 

2.5".) 

6.279( 

2.62) 

6.375( 

2.71) 

6.I.72J 

2.80) 

eoc 


5.63V( 

2.13) 

5.72d< 

2.18) 

5.82^( 

2.25) 

5.9171 

2.32) 

6.312( 

2.39) 

6.107( 

2.1.7) 

6.2021 

2.55) 

6.298« 

2.61.) 

6.395( 

2.73) 

6.<«91( 

2.82) 

POUNDS 
THOUSANDS 


i»50oa 

•t&OOO 
1.7000 
1.8000 
1,9000 
50000 
51000 
52003 
53000 
51.000 


POUNDS 
THOUSANDS 


<.5aao 

1.6000 
<.7000 
1.8000 
1.3000 
50000 
51000 
52003 
53B00 
51.000 


000 


200 


I..611  ( 

1.<.1) 

■..690  ( 

1.31.) 

1..770  I 

1.27) 

>..850  ( 

1.22) 

<t.930  ( 

1.18) 

5. OIK 

1.16) 

5.093 ( 

1.15) 

5.175( 

1.15) 

5.258( 

1.16) 

5.3'.1( 

1.18) 

000 


3.1.80  ( 

1..79) 

3.539« 

"..53) 

3.598( 

I.. 30) 

3.658( 

■..09) 

3.719< 

3.90) 

3.781< 

3.71.) 

3.8i.3( 

3.59) 

3.90&( 

3.1.7) 

3.969( 

3.37) 

1..033  ( 

3.28) 

POUNDS 

HOUSANOS 

000 

1.5000 

2.i.0b( 

30. '.8) 

1.6  000 

Z.<.39( 

29.30) 

1.7000 

2.1.72  ( 

28.16) 

1.8000 

2.507( 

27.06) 

1.9003 

2.5i.3( 

26.30) 

50000 

2.580  ( 

21.. 99) 

51000 

2.618< 

21.. 01) 

52000 

2.656< 

23.06) 

53000 

2.696( 

22.16) 

51.000 

2.736( 

21.29) 

«..6Z7( 

1.39) 

i..70  6( 

1.32) 

l..786( 

l.?5) 

i..866« 

1.21) 

i..9i.7( 

1.18) 

5.028( 

l.lb) 

5.109( 

1.15) 

5.192t 

1.15) 

5.27U( 

1.15) 

5.357( 

1.18) 

200 


3.i.92( 

U.Tk) 

3.550t 

1..I.9) 

3.610( 

"..26) 

3.670( 

i..a5) 

3.731( 

3.87) 

3.793( 

3.71) 

3.855( 

3.57) 

3.918( 

3.^5) 

3.982t 

3.35) 

i..0i.6( 

3.?7) 

200 


2.i.l2(  30.21.) 

2.i.i.5(  29.07) 

Z.i.79(  27, 9<.) 

2.51i.(  26.85) 

2.551(  2  5.9  0) 

2.588(  21.. 79) 

2.625t  23.81) 

2.66i.(  22.88) 

2.70i.(  21.98) 

2.7i,i.(  21.12) 


ih 

LOGS 

HUNOKEOS 

1.0  0 

H    BOARD 

FEET 

•..61.2  ( 

1.38) 

i..722( 

1.31) 

it.802( 

1.25) 

i..882( 

1.21) 

i..96  3( 

1.17) 

5.0i.i.( 

1.15) 

5.126( 

1.11.) 

5.208( 

1.15) 

5.291( 

1.16) 

5.37i.< 

1.19) 

32    LOiiS 

HUNDREDS 

1.00 

M    BOARD    FEET 

3.50  3t 

1..69) 

3.562( 

l..!.!.) 

3.62  2 ( 

1..21) 

3.682( 

U.Ol) 

3.  71.1.  ( 

3.83) 

3.805( 

3.68) 

3.868( 

3.51.) 

3.931< 

3. '.3) 

3.995( 

3.33) 

^.059( 

3.25) 

60    LOGS 

HUNDREDS 

1.0  0 

M     30  A  R' 

FEET 

2.1.19( 

30.00) 

2.1.5  2  ( 

28.8if) 

2.1.861 

27.72) 

2.522< 

26.63) 

2. 5581 

25.59) 

2.595( 

21.. 59) 

2. 6331 

23.62) 

2.672( 

22.70) 

2.712( 

21.81) 

2.75  3  ( 

20.95) 

600 


soo 


i..658( 

1.36) 

l..738< 

1.30) 

l..818( 

1.21.) 

l..89H( 

1.20) 

i..979( 

1.17) 

5.060t 

1.15) 

5.1i.2( 

1.11.) 

5. 2251 

1.15) 

5.307( 

1.17) 

5.391( 

1.19) 

600 


3.515( 

1..6'.) 

3.57i.( 

1..  39) 

3.63i.( 

U.17) 

3.695t 

3.97) 

3. 756( 

3.83) 

3. 8181 

3.65) 

3.880< 

3.52) 

3.9i.i.< 

3.1.0) 

U. Oa7( 

3.  31) 

1..  072( 

3.21.) 

600 


2.1.25(  29.77) 

2.i.59(  28.61) 

2.1.93(  27.50) 

2.529(  26.1.2) 

2.565(  25.39) 

2.603(  21.. 39) 

2.6i.l<  23.1.1.) 

2.68a«  22.52) 

2.723<  21.63) 

2.761(  20.79) 


'..67'.< 

1.35) 

1..  75'.( 

1.28) 

i..3J>.( 

1.23) 

1.. 911.1 

1.19) 

i..9S5( 

1.16) 

5.a77» 

1.15) 

5.159« 

1.11.) 

5.2<.1< 

1.15) 

5.32i.( 

1.17) 

5.i.07( 

1.20) 

800 


3.527< 

1..58) 

3.596t 

'..31.) 

3.bi.6( 

1..13) 

3.707( 

3.91.) 

3.768( 

3.77) 

3.830( 

3.62) 

3.893« 

3.1.9) 

3.95b» 

3.381 

i..02Q( 

3.301 

i..a85( 

3.221 

SOO 


2.i.32<  29.53 

2.'.b6(  28.39 

2.5001  27.28 

2.536(  26.21 

2.573(  25.19 

2.6ia(  21.. 20 

2.61.91  23.25 

2  .  6  8  8  (  2  2  .  31. 

Z.TZ'il  21.1.6 

2.769(  20.62 


Figure  1.— Weight  scaling  tables  for  selected  values  of  load  weight  and  log  number  per  load.  Figures  in  parentheses 
are  percent  error  associated  with  a  95%  confidence  interval  for  each  estimated  mean  value  of  truckload  board-fooK 
volume.  These  are  example  tables  only  and  not  applicable  to  any  current  sale. 


I).  We  then  wrote  a  small  computer  program,  using 
he  regression  equations,  which  computes  and  prints 
ill  desired  combinations  of  values  for  a  specific  equa- 
ion  (in  this  case,  Eq.  3  for  all  data).  The  table  for- 
nat  is  similar  to  other  published  tables  (Tyre  et  al. 
973).  Although  two  program  steps  are  involved,  the 
mall  increase  in  processing  time  is  more  than  offset 
)y  tlexibility  in  the  choice  of  possible  regression 
quations. 


'otential  Sources  of  Variation 

Since  our  regression  equations  did  not  explain 
ariability  to  the  same  degree  as  those  in  the  South, 
k'e  investigated  possible  sources  of  variation.  The 
/eight-to-scale  ratio,  or  pounds  per  board-foot 
olume,  is  more  sensitive  than  gross  scale  to  variables 
ueasured  in  this  study.  Chief  among  these  variables 
re  sale  origins  of  truckloads,  season  of  the  year  in 
/hich  loads  are  scaled,  load  mix  of  old-growth  and 
»lackjack  pine  logs,  and  load  mix  of  log  lengths.  We 
ised  analysis-of-variance  techniques  to  test  whether 
lifferences  in  the  weight-to-scale  ratio  could  be  at- 
ributed  to  any  of  these  measured  variables. 

Sale  locality  integrates  more  fundamental  sources 
[f  variation  such  as  soil,  climate,  and  local  tree 
ifferences,  which  may  vary  widely  over  a  large  forest 
irea.  Our  analysis  showed  significant  estimation 
rrors  when  regression  equations  from  the  Bly  sale 
ere  used  to  scale  volume  from  other  sales  (table  3). 
rom  a  practical  viewpoint,  this  means  weight- 
baling  regressions  based  on  one  sale  area  should  not 
e  applied  routinely  to  another  sale  area  without 
jrification.  However,  if  a  composite  regression, 
ipvering  more  than  one  sale  for  a  given  species, 
puld  successfully  estimate  board-foot  scale  within 
described  precision  limits  for  each  sale  in  the  group, 
\e  single  regression  equation  may  be  more  eco- 
:)mical  than  using  a  separate  equation  for  each  sale. 
his  possibility  was  tested  and  is  discussed  later. 

Seasonal  changes  in  moisture  content  can  make  a 
ignificant  difference  in  log  weight  (Yerkes  1967, 
arkstrom  and  Hann  1972).  To  test  seasonal  dif- 
rences,  we  computed  regression  equations  derived 
Ibm  spring-season  scaling  data  and  applied  them  to 
ilickloads  scaled  in  summer  and  fall.  Accuracy 
l;;ures  shown  in  table  3  are  not  conclusive.  In  this 
lit,  differences  either  did  not  exist  or  were  cancelled 
<|t  by  compensating  seasonal  errors.  Because  our 
(}ta  only  reflected  time  of  year  logs  were  measured, 
lit  when  cut,  a  timing  lag  may  have  overshadowed 
iy  moisture  differences  due  to  season.  Despite  our 
Ifk  of  conclusive  evidence  on  this  point,  caution 
i|ist  be  exercised  when  using  data  taken  in  one 
s^son  to  estimate  volume  in  another  season. 


The  remaining  two  variables — blackjack-old 
growth  mix  and  log-length  mix — describe  individual 
log  loads.  Gross  scale  and  the  weight-to-scale  ratio 
for  each  load  are  affected  by  log  type  as  indicated  by 
the  following  correlation  coefficients:^ 


Weight 

Number  of  logs 
Number  of  scaled  pieces, 

16  ft.  or  less 
Number  of  long  logs 
Number  of  blackjack  logs 
Number  of  old  growth 

logs 
Proportion  of  long  logs 

in  the  load 
Proportion  of  blackjack 

logs  in  the  load 


Table  3. "-Est imat ion  precision  of  three  regression  equations' 
when  applied  to  data  from  different  timber  sales  and  from 
different  seasons' 


Gross 

scale 

Scribner 

Decimal  C 

Weight- 

to- 

scale 

ratio 

0.536 
-.407 

Not 

applicable 

0.648 

-.314 
-.080 
-.226 

.622 
.400 

.248 

-.254 

.478 

.411 

-.268 

-.210 

.200 

Sa 1 e   name      t        ,  ,       . 
Truckloads 
or 

compared 
season 

Regress  ion 

equat  ion 

number 

Tota 
seal ing 

error 

Mean 
t  ruckload 
error 

No. 

M  fbm 

% 

M  fbm 

SALE: 

Fisher                         22 

1 

33.7'<7 

28,8 

1.53'' 

2 

28.765 

2'4.5 

1.308 

3 

29.027 

2I4.7 

1.319 

Newman                      lOA 

1 

9't.26i. 

17.1 

.906 

2 

'•5.227 

8.2 

.'435 

3 

't5.233 

8.2 

.'435 

Pine  Mountain      1 16 

1 

88.692 

17.9 

.765 

2 

'15.720 

9.2 

.39't 

3 

'<1.37't 

8.3 

.357 

Robber's    Roost      29 

1 

12. '419 

8.1 

.'428 

2 

2.550 

1.7 

.088 

3 

2.it76 

1,6 

.085 

Whitehorse   Burn    32 

1 

70. '456 

51. 't 

2.202 

2 

21.701 

15,8 

.678 

3 

16. '407 

12.0 

.513 

SEASON; 

Summer                       82 

1 

'44,591 

11.9 

.5*48 

2 

'4.930 

1.3 

.060 

3 

11.890 

3.2 

•  I'tS 

Fall                            230 

1 

27.122 

2.3 

.118 

2 

3't.310 

3.0 

.15't 

3 

50.0'40 

k.2 

.218 

See  table  2.   Regression  equations  are  based  on  Bly  sale 
only  and  on  spring  season  only. 

2 

For  531  truckloads  including  the  six  largest  sales,  a 

correlation  coefficient  for  tfiese  variables  is  statistically 
significant  at  the  5%  level  if  it  is  greater  than  0.086.  All 
log  type  variables  except  one  are  related  to  some  degree 
with  gross  log  scale  and  the  weight-to-scale  ratio,  unless 
a  1  in  20  chance  has  occurred. 


An  increasing  number  of  logs  per  load  for  a  given 
weight  decreases  board-foot  scale  because  small  logs 
scale  less.  In  the  gross-scale  column,  all  correlation 
coefficients  relating  gross  scale  and  the  various  log 
types  are  negative  with  one  exception.  For  a  given 
weight  and  number  of  logs,  gross  scale  is  positively 
correlated  with  the  proportion  of  long  logs  on  the 
truck.  We  did  not  have  data  to  indicate  which  long 
logs  were  also  old-growth  logs,  but  there  was  a 
strong,  positive  correlation  between  number  of  long 
logs  and  number  of  old-growth  logs  per  truckload. 
Old-growth  logs  increase  gross  scale  because  they 
tend  to  be  those  that  most  easily  could  be  bucked  as 
32-foot  or  longer  pieces  and  maintain  an  acceptable 
upper  saw-log  diameter  limit.  As  expected,  the  pro- 
portion of  blackjack  logs  is  negatively  correlated  with 
gross  scale. 

Signs  of  correlation  coefficients  in  the  column  for 
weight-to-scale  ratio  are  all  opposite  from  those  for 
gross  scale.  When  weight  is  fixed,  any  factor  tending 
to  decrease  gross  scale  would,  of  necessity,  increase 
the  ratio  of  weight  to  scale. 

Although  correlations  between  all  factors  except 
gross  scale  and  number  of  long  logs  are  statistically 
significant,  these  factors  improved  predictive  regres- 
sion equations  only  slightly.  Thus  factors  describing 
the  type  of  logs  in  a  load  might  be  incorporated  into 
regression  equations  only  if  they  are  already  being 
measured  for  other  reasons. 


Relative  Precision  of  Weight  Scaling  Methods 

The  three  equations  examined  here  are  regression 
equation  3  (the  most  precise)  discussed  in  an  earlier 
section,  and  the  regression  equations  for  sample- 
stick  scaling  and  ratio  weight  scaling.  The  last  two 
equations  are: 


Sample-stick  scaling, 


1 


n 


^  =  ^  =  IT   L    'J  [Eq.  4] 

Ratio-weight  scaling, 
n 

V  =  b,w  =  rw  =    1=1    •*      (w)  =  _vL(w)  [Eq.  5] 

n  w 

where: 

V  =  estimated   truckload   gross   saw-log   volume   in 

thousand  board  feet, 

n  =  number  of  sample  truckloads  (68  in   this   in- 
stance), 

Vj  —  volume  of  each  truckload  in  the  sample  (j=l, 

2  .  .  .  ,  68), 


wj  =  weight  of  each  truckload  in  the  sample  (j  = 

2  .  .  .  ,  68), 
r  =  ratio  of  mean  volume  to  mean  weight  of  sanif 

truckloads. 
V  =  mean  volume  for  sample  truckloads, 
w  =  mean  weight  for  sample  truckloads. 

In   order  to  test   the   relative   precision   of  ea^ 
equation,  a  sample  of  68  truckloads  was  picked 
methods  described  in  the  appendix.  From  analysis 
this  sample  data,  values  were  found  for  each  regn 
sion   coefficient    in    the   three   equations    (table   ' 
Then,    board-foot   volumes   for  the   539   truckloa 
were  estimated  using  each  equation.  Each  of  tht 
regression  equations  has  an  associated  variance  ai 
standard    deviation    which,    combined    with    oth 
terms,    determines   the    precision    of   the    estima' 
Cochran  (1963,  p.  199-200)  shows  that  under  certa 
statistical  conditions,  a  regression  estimate  can 
more   precise   than   a    ratio   or   mean   estimate, 
weight-scaling  terms,  the  regression  of  gross  volui  i 
on  truck  weight  and  number  of  logs  can  be  mc 
precise  than  sample-stick  or  ratio  weight  scaling. 

Known  volumes  from  the   100-percent  stick  sc; 
of  all  loads  were  compared  with  estimates  from  1 1 
three  scaling  methods  to  find   which   method   bs 
estimated   total   volume   of  all   truckloads   and   1 1 
volumes  for  individual  truckloads. 

To  compute  estimated  total  volume  for  sampt 
stick  scaling,  the  mean  load  volume  for  the  i 
sample  loads  is  multiplied  by  total  number  of  lot  ] 
(539);  for  ratio  weight  scaling,  the  scale-to- weij  r 
ratio  for  the  sample  is  multiplied  by  total  weight  i 
all  loads. 

The  regression  estimate  is  the  most  precise  i 
terms  of  a  smaller  standard  deviation  (table  4).  Ta  I 
4  also  shows  total  scaling  error  for  each  equation  ; 
the  total  difference  between  the  100  percent  st : 
scale  and  predicted  volume,  and  as  percent  error. 

Estimating  each  truckload  individually  alic  a 
examination  of  the  error  patterns  with  respect  to  r 
estimating  equation.  The  last  two  columns  of  iabl 
show  truckload  error.  The  mean  is  the  average  ( i 
ference  for  a  truckload  between  actual  and  estima  .' 
volume.  Of  course,  a  given  truckload  might  v  i 
much  more  than  these  average  figures.  The  regi  • 
sion  equation  estimated  mean  truckload  volu  i 
especially  well,  although  both  weight  and  number  i 
logs  must  be  known  to  use  it. 

Consistency  in  estimating  individual  trucklci 
volume  is  also  important.  Even  if  the  average  tru  1 
load  error  is  close  to  zero,  it  is  desirable  that  ir  1, 
vidual  differences  cluster  as  closely  as  possijj 
around  the  average.  Standard  deviation  of  the  miaj 
error  for  truckloads  serves  as  a  measure  for  c  i 
sistency.  For  example,  the  last  column  of  tabli 
shows   that   estimation    errors    from    Eq.    3   had 


Fable  A. --Summary  of  coefficients  for  three  scaling  equations  (computed  from  68  observations),  and  their  accuracy  for  total  volume 

and  for  individual  trucl<1oads 


Equation  number 

and 
type  of  seal ing 

Summary  of  coefficients' 

Total  gross  volume^ 

Truckload  error 

bo 

bi 

b2        b3     R^ 

Standard 
error  of 
est  imate 

Estimate  Standard   3 

deviation       ' 

Standard 
Mean   ...   3 
deviat ion 

3  Regression 

weight  seal  ing 

l<   Sample 

St  ick  seal ing 

5   Ratio 

weight  seal ing 


M  fbm  M  fbm         M  fbm  %         M  fbm         M  fbm 

2.7'<211      0.07761      -0.01007     -0. 04987     O.itO         0.690         2711.558       112.238         -OASS     -0.018     -0.001        0.637 
(0.03026)    (0.07326)    (0.10062) 

5.05960  C) 


10033 


C) 


.099      2727. i2'«     S3■2^^     -i6.o6it     -.593     -.030       .930 

.002    2665.752   52.'t.)l    '(5.309   1.671    .OSk         .831 


'For  regression  equation  3,  standard  errors  appear  in  parentheses  below  their  respective  coefficients.   Standard  errors  of  the 

coefficients  for  equations  ^   and  5  are  the  same  as  standard  error  of  the  estimate. 
^The  539  loads  used  to  test  each  model  contained  2,711.060  M  fbm  total  saw-log  volume. 
'This  standard  deviation  is  for  the  mean  truckload  error,  and  has  no  direct  relation  with  the  standard  deviation  of  the  estimate 

for  total  gross  volume. 
"This  statistic  was  not  computed  for  these  specialized  regression  forms. 
'For  equation  5,  bi  is  equivalent  to  r,  the  "rat io-of-means"  estimator. 


mailer   standard   deviation   than    the    others,    and 
■lustered  most  closely  about  the  mean  error  value. 

The  last  way  considered  here  for  examining  ac- 
uracy  is  to  compute  percentage  of  truckload  esti- 
mates falling  within  given  limits  of  precision: 


Precision 
limit 

(Bdji) 

100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 


Truckloads  estimated  b^ — 
Regression        Sample-  Ratio 

weight  stick  weight 

scaling  scaling  scaling 

{Percent) 


12.4 
26.9 
40.4 
49.5 
59.0 
65.9 
74.8 
81.3 
86.1 
90.0 


8.3 
18.5 
28.6 
36.5 
42.9 
49.7 
54.9 
62.3 
68.6 
71.8 


10.8 
20.8 

27.5 
37.3 
45.8 
52.5 
59.4 
65.9 
72.4 
77.6 


le  regression  weight-scaling  equation  estimated 
.4  percent  of  the  truckloads  within  100  board  feet, 
lile  the  sample  stick  scaling  equation  correctly  esti- 

ijated  8.3  percent  of  the  truckloads  within  100  board 
;t.   The   regression   weight-scaling   equation    esti- 

ijated  90  percent  of  the  loads  within  1000  board  feet 
their  true  value. 


Using  Regression  Weight  Scaling  Equations 
for  Estimation 

From  the  practical  point  of  view,  we  would  like  the 
most  accurate  estimates  possible.  The  study  shows 
that  all  equations  estimated  total  sale  volume  within 
4  percent  error.  However,  Eq.  3  performed  better 
when  estimating  individual  truckload  volume. 

Regression  weight  scaling  is  an  efficient  means  of 
estimating  gross  log  scale,  but  some  precautions 
must  be  observed  to  maintain  precision.  Regression 
equations  should  not  be  applied  to  a  new  situation 
unless  results  are  carefully  verified.  Two  examples  of 
indiscriminate  application  illustrate  erroneous  results 
which  might  occur. 

A  section  of  table  2  describes  regressions  com- 
puted using  data  from  one  sale  only  (Bly).  When 
these  equations  estimate  gross  scale  for  five  other 
sales,  the  results  are  misleading,  as  illustrated  in 
table  3.  These  sales  are  widely  scattered  in  the 
Mogollon  Rim  and  Flagstaff  vicinity  of  Arizona.  It  is 
not  surprising  that  equations  based  on  one  sale  are 
useless  in  estimating  total  gross  scale  for  another 
sale,  because  the  range  of  data  for  the  Bly  sale  differs 
from  that  for  several  of  the  other  sales. 

The  other  example  considers  whether  one  com- 
posite equation  based  on  all  data  from  a  group  of 
sales  can  adequately  estimate  gross  board-foot  vol- 
ume for  each  sale  individually.  Figures  in  table  5 
suggest  this  procedure   is   not  adequate.   Only  the 


Newman  sale  was  estimated  within  4  percent  of  true 
scale  by  all  tested  equations.  Many  estimates  were  in 
error  by  more  than  4  percent,  but  the  best  estimates 
are  still  from  Eq.  3,  the  regression  with  both  truck 
weight  and  numbers  of  logs  as  input  variables. 

Interestingly,  if  all  scaling  errors  in  table  5  are 
added  for  a  given  equation,  the  total  is  well  within 
acceptable  precision  limits.  If  all  the  data  from  these 
six  sales  (531  loads)  could  be  considered  as  coming 
from  just  one  sale,  any  of  the  three  equations  would 
perform  well.  The  same  conclusions  apply  to  the 
seasonal  data  in  table  5. 


Table  5.  —  Estimation  error  in  percent  of  known  volume  of  three 
regression  weight  scale  equations  based  on  all  data  and 
applied  to  individual  sales  and  seasons 


Sale  name 

Weight 

scale  equation 

or 

TrL 

ckloads' 

season 

1 

2 

3 

No. 

% 

% 

% 

SALE: 

Bly 

228 

8.607 

3.902 

3.335 

Fisher 

22 

-7. '116 

-11.572 

-12.002 

Newman 

ICt 

-1.267 

.516 

1.651 

Pine  Mountain 

116 

-10.1(52 

-7.165 

-6.997 

Robber's  Roost 

29 

3.683 

11.219 

5.030 

Whi  tehorse 

Burn 

32 

-28.776 

-3.961. 

-1..966 

Weighted 

average 

value 

^531 

.l'<3 

.091 

.073 

SEASON: 

Spr  ing 

218 

.791 

-.893 

-.669 

Summer 

82 

-11. ug 

-3.1.50 

-3.399 

Fall 

239 

2.692 

1.860 

1.739 

Weighted 

average 

value 

539 

- .  OO'i 

.001. 

.01.7 

'Eight  observations  were  omitted  from  sale  data  because  they 
came  from  three  sales  and  are  not  enough  to  provide  reliable 
percentage  results  on  a  per-sale  basis;  these  observations 
are  included  in  the  seasonal  data.   These  data  differences 
account  for  the  slight  discrepancies  in  total  line  percentages. 

^Thls  figure  is  the  total  number  of  truck  loads  considered. 


Thus  one  sale  cannot  be  satisfactorily  "Xight 
scaled  by  using  equations  based  on  another  sale;  nor 
can  individual  sales  in  a  group  be  weight  scaled 
using  a  regression  based  on  all  sales  in  the  group. 
One  possible  exception  to  these  general  rules  occurs 
if  both  statistical  analysis  and  common  sense  indi- 
cate that  two  or  more  sales  are  extremely  similar 
with  regard  to  cut-tree  maturity,  size,  and  harvest 
location.  Even  then  caution  is  important. 

Any  reader  considering  application  of  these  sample 
weight-scaling  methods  should  read  Tyre  et  al. 
(1973)  and  Wensel  (1974)  which  give  more  detail  on 
sampling  and  operational  regression  weight  scaling. 


Tex  I 


Depi 
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Appendix — 
Sample  Size  Determination 

Let  the  539  truckload  observations  for  this  study 
^present  all  loads  from  one  hypothetical  "sale." 
>ssume  we  have  an  estimate  of  mean  load  volume 
nd  population  variance  obtained  from  cruise  data, 
nd  that  we  expect  about  550  loads  from  the  sale. 

Freese  (1962)  gives  an  equation  for  determining 
imple  size  when  using  simple  random  sampling, 
ince  values  for  percent  error  and  percent  coefficient 
f  variation  are  often  known  or  estimated,  modify 
reese's  equation  to  include  percent  error  (PE)  and 
ercent  coefficient  of  variation  (CV)  as  follows: 
1 


(l'(i) 


+  \_ 
N 


here: 


=  number  of  truckloads  in  the  sample, 
—  estimated  total  number  of  loads. 


=  ^  X  100%, 

X 

=  _L  X  100%, 


=  estimated  mean  truckload  board-foot  scale  in 
M  fbm, 

=  student's  t  value;  for  N  larger  than  25,  t«2, 

=  one-half  the  width  of  the  desired  confidence 
interval,  that  is,  the  precision  for  the  sample 
estimate  of  the  mean,  M  ftm, 

=  estimate  of  standard  deviation  of  the  popula- 
tion in  M  fbm. 

The  following  steps  with  example  calculations  il- 
Istrate  computation  of  sample  size: 

:  Estimate  average  load  size  in  M  fbm  from  cruise 
!  data  or  other  sources. 

X  =  Average  truckload  volume  =  5.00  M  fbm. 


2.  Estimate  truckload  volume  standard  deviation 
from  experience,  cruise  data,  or  presale  sample. 

s  =  truckload  std.  dev.  =  0.910  M  tbm. 

3.  Compute  estimated  percent  coefficient  of  varia- 
tion by  dividing  s  by  x. 

CV  =  4_  X  100%  =  0.910  M  fbm  x  100%; 

X  5.000  M  fbm 

CV  =  18%. 

4.  Decide  on  allowable  percent  error  in  sale  esti- 
mate. Normally,  this  would  be  2,  3.  or  4%. 

PE  =  4%  error. 

5.  Estimate  total  number  of  log  loads  from  esti- 
mated total  sale  cruise  volume  and  from  esti- 
mated average  load  size. 

N  =  Estimated  total  cruise  volume  = 

x 
2,750  M  fbm  =  550  loads 
5.0      M  fbm 

6.  Since  N  is  greater  than  25,  Student's  t  value  is 
approximately  2. 

7.  Substitute  all  these  quantities  into  the  equation 
for  sample  size,  n. 


1 


n  = /4 
\18/ 


n^) 


=  70.60 


+  . 


550 


Using  the  next  higher  whole  number,  the  desired 
sample  size,  n,  is  71.  Seventy-one  numbers  with 
possible  values  from  1  to  550  were  picked  from  a 
random  number  table.  The  idea  here  is  to  take 
weight  and  volume  data  on  those  designated  loads  as 
they  arrive.  As  it  turned  out,  three  of  the  random 
numbers  picked  were  greater  than  539  (the  actual 
number  of  loads  in  the  example  sale)  so  only  68 
truckloads  were  sampled.  Missing  three  truckloads 
will  not  seriously  jeopardize  the  sample.  The  sample 
data  for  the  simulated  sale  is  summarized  here: 
Saw-log 

volume        Weight  Logs 

(M  fbm)      (Pounds)         (No.) 

Average  load  5.060  50,428  16.8 

Standard  deviation      0.871  8,111  8.0 


Range 


7.310 
3.140 


79.770 
36,920 


69 
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Regulation  and  Control  of  Cut 
Under  Uneven-Aged  Management 

Robert  R.  Alexander  and  Carleton  B.  Edminster 


Management  Highlights 

The  objective  of  regulation  of  cut  is  to  deter- 
mine and  control  the  periodic  jdeld  of  timber 
products  from  a  specified  forest  area.  The  silvi- 
cultural  systems  applicable  to  uneven-aged 
management  are  individual-tree  and  group- 
selection  cutting.  Key  elements  of  regulation  of 
uneven-aged  management  include  setting  a  resi- 
dual growing  stock  goal,  a  diameter  distribution 
goal,  and  a  maximum  tree  size  goal.  The  residual 
stocking  level  with  the  best  growth  varies 
primarily  with  species,  site  productivity,  and  dia- 
meter distribution.  Diameter  distribution  is  con- 
trolled by  establishing  the  desired  number  of 
trees  for  each  diameter  class  using  the  quotient  q . 
Maximum  tree  size  to  leave  after  each  cut  de- 


pends upon  site  quality,  species,  management 
objectives,  and  other  determining  factors. 

Rotation  age  is  not  a  valid  concept  with 
uneven-aged  management  because  stands  are 
continuously  or  periodically  being  regenerated, 
tended,  and  harvested,  with  no  real  beginning  or 
end.  Allowable  cut  projections  with  uneven-aged 
management  will  include  both  area  and  volume 
control,  especially  where  previously  unregulated 
stands  are  being  brought  into  a  balanced 
structure.  Regardless  of  projected  allowable  cut, 
regulation  is  subject  to  supply  and  demand. 
Regulation  under  uneven-aged  management  will 
be  more  expensive  than  under  even-aged  manage- 
ment because  more  frequent  stand  examinations 
and  more  detailed  records  are  required. 


Introduction 

Regulation  and  control  of  cut  is  "the  process 
that     deals     with     the     technical     aspects     of 
[organizing   and   maintaining   a   forest   property 
with  the  objective  of  determining  and  controlling 
'the  yield  of  forest  products."  In  this  paper  we  will 
'consider  regulation  as  concerned  only  with  the 
amount    of    timber    that    may    be    harvested 
periodically  from  a  specified  area  over  a  stated 
period  of  time  to  accomplish  management  ob- 
jectives.  Since  one  of  the  objectives  of  forest 
management  is  to  bring  previously  unregulated 
stands  into  a  balanced  structure,  control  of  grow- 
ing stock  should  be  emphasized  while  attempting 
:o  keep  yield  relatively  stable  during  the  adjust- 
ment period. 

In  this  discussion  we  are  primarily  concerned 
vith  stands  that  have  irregular  structure,  are 
:omposed  of  tolerant  species,  or  both.  The  species 
nost  familiar  to  us  that  fall  into  these  categories 
re  southwestern  ponderosa  pine,  southwestern 
nixed  conifers,  and  Engelmann  spruce-subalpine 
ir.  Other  western  species  adapted  to  uneven-aged 
lanagement  are  the  true  firs,  hemlock,  and  in- 
erior  Douglas-fir— if  it  has  irregular  stand  struc- 
|ire  and  is  free  of  dwarf  mistletoe. 

The  silvicultural  systems  applicable  to 
neven-aged  management  are  individual  tree 
election      and      group      selection.       Many 


.  silviculturists  do  not  consider  group  selection  a 
harvesting  and  regeneration  system  that  meets 
the  constraints  of  uneven-aged  management  for 
sustained  yields  because  there  is  no  realistic 
procedure  for  regulating  harvest  in  small  groups, 
and  methods  have  not  been  developed  for  deter- 
mining adequate  stocking  and  acceptable  growth 
of  individual  trees  or  groups  of  trees. 

We  think  uneven-aged  regulation  can  be 
made  to  work,  with  group  selection,  especially  if 
some  of  the  regulatory  unit  is  under  individual- 
tree  selection  management.  Residual  stocking, 
diameter  distribution  goals,  marking,  and  growth 
projection  will  be  the  same  as  for  individual-tree 
selection,  but  will  apply  to  the  regulatory  unit 
rather  than  individual  stands— some  groups  will 
be  cleaned,  others  thinned,  and  still  others  har- 
vested. Regulation  will  be  difficult,  expensive, 
and  require  good  inventory  records  and  frequent 
checks  on  marking. 

It  is  not  essential  that  the  uneven-aged  forest 
be  defined  in  a  strict  silvicultural  sense  for  the 
purpose  of  forest  regulation.  The  somewhat  ar- 
bitrary definition  that  the  uneven-aged  forest  has 
no  recognizable  separate  age  classes  is  all  that  is 
necessary  (Meyer  et  al.  1961).  Even-aged  groups 
may  be  present,  but  formal  age  class  regularity  of 
the  even-aged  forest  will  not  be  a  goal  of 
management. 


Differences  in  Regulation 

Between  Even-  and  Uneven- Aged 

Management 

Uneven-aged  management  includes  the 
cultural  treatments,  thinning,  and  harvesting 
necessary  to  maintain  continuous  high  forest 
cover,  provide  for  regeneration  of  desirable 
species  either  continuously  or  at  each  harvest, 
and  provide  for  the  controlled  growth  and 
development  of  trees  through  the  range  of  size 
classes  needed  for  a  sustained  yield  of  forest 
products.  Managed  uneven-aged  stands  are 
characterized  by  trees  of  many  sizes  intermingled 
singly  or  in  groups.  Regulation  is  accomplished 
by  setting  (1)  a  residual  growing  stock  goal  in 
terms  of  volume  (basal  area)  that  must  be  main- 
tained to  provide  adequate  growth  and  yield;  (2)  a 
stand  structure  goal  in  terms  of  a  diameter  distri- 
bution necessary  to  provide  regeneration,  growth, 
and  development  of  replacement  trees;  and  (3)  a 
maximum  tree  size  goal.  Unfortunately,  in- 
formation on  growth  and  yield  in  relation  to 
stocking,  stand  structure,  and  species  com- 
position upon  which  to  base  growth  projections  is 
lacking. 

Even-aged  management  is  the  cultural  treat- 
ments, thinning  and  harvesting  necessary  for  the 
periodic  regeneration  of  desirable  species,  the 
orderly  growth  and  development  of  trees  to  a 
given  size  in  each  stand,  and  the  progressive 
development  of  stands  to  provide  sustained  yield 
of  forest  products.  Managed  even-aged  stands  are 
characterized  by  a  distribution  of  stands  of  vary- 
ing age  classes  throughout  the  forest.  Regulation 
is  accomplished  through  control  of  the  area  in 
each  size  or  age-class  and  the  length  of  rotation— 
the  time  required  to  grow  trees  to  some  specified 
measure  of  maturity.  There  is  a  considerable  body 
of  growth  and  yield  information.  Calculations  of 
projected  yields  under  different  management 
systems  are  straightforward  and  reasonably 
accurate  (Myers  1971). 


Regulation  of  Reserve 
Growing  Stock 

Many  of  the  past  problems  associated  with 
uneven-aged  management  in  the  United  States  re- 
sulted from  attempts  to  base  regulation  on 
volume  control  alone.  Timber  harvests  were  pre- 
scribed on  the  basis  of  projections  of  past  growth 
on  the  merchantable  portion  of  the  stand. 
Regeneration  was  left  to  chance,  and  the  sapHng 
and  pole  component  of  the  stand  received  little  or 
no  treatment.  As  a  consequence,  the  high  quality 
stems  were  cut  quickly,  long-term  yields  were  re- 
duced, and  stand  vigor  declined. 


In  managed  or  unregulated  stands  being 
brought  under  management,  a  procedure  must  be 
established  so  that  stands  can  be  periodically  cut 
back  to  some  desired  residual  structure  with  some 
degree  of  accuracy.  The  difference  between  the 
volume  (by  diameter  classes)  of  the  existing  stand 
and  volume  of  the  specified  residual  stand  is 
current  yield.  Finally,  growth  must  be  projected 
for  at  least  one  cutting  cycle  to  determine  expect- 
ed future  yield.  The  problem  is  to  decide  what 
kind  of  trees,  and  how  many,  are  to  be  cut  on  what 
schedule  to  obtain  the  balanced  stand  needed  to 
provide  sustained  yields. 

Total  stand  growth  for  many  species  adapted 
to  uneven-aged  management  doesn't  differ 
greatly  over  the  range  of  stocking  levels  likely  to 
be  management  goals.  Consequently,  stocking 
levels  set  near  the  lower  limit  where  no  stand 
growth  is  lost  concentrates  increment  on  the 
fewest  number  of  stems.  This  reduces  the  time  re- 
quired to  grow  individual  trees  to  specified  size, 
and  represents  a  minimum  investment  in  growing 
stock. 

The  residual  stocking  level  with  the  best 
growth  varies  primarily  with  species,  pro- 
ductivity, and  diameter  distribution.  The  only 
stocking  standard  we  could  find  for  Rocky 
Mountain  species  was  developed  by  Bert  Lexen 
for  southwestern  ponderosa  pine  as  follows: 


D.b.h. 

Trees  per 

Basal  area 

class 

acre 

per  acre 

In 

No. 

Ft' 

2 

105.4 

2.29 

4 

71.0 

6.20 

6 

48.0 

9.50 

8 

32.4 

11.31 

10 

21.8 

11.89 

12 

14.8 

11.62 

14 

10.0 

10.69 

16 

6.8 

9.49 

18 

4.5 

7.99 

20 

3.1 

6.72 

22 

2.1 

5.44 

24 

1.4 

4.40 

Total 


322.4 


97.55 


From  his  studies  of  space  requirements  of  pon- 
derosa pine  of  different  diameters,  he  recom- 
mended a  residual  basal  area  of  98  ft^  for  a  range 
of  site  indexes  from  75  to  100.  Although  Lexen's 
growing-stock  table  was  developed  from  actual 
data  in  existing  stands,  it  is  essentially  57  percent 
of  normal  stocking  for  all-aged  stands  syn- 
thesized from  normal  yield  tables  for  even-aged 
stands  (W.H.  Meyer  1961).  C.  A.  Myers  adopted 
Lexen's  standard  as  one  stocking  goal  for  a  study 
of  yield  of  individual-tree  selection  forests  of 
southwestern    ponderosa    pine,    and    obtained 


another  by  proportion.  G.  H.  Schubert  adapted 
Lexen's  standard  to  a  range  of  basal  areas  from 
20  to  180  ft^ 

In  unregulated  old-growth  spruce-fir  stands 
with  irregular  structure,  stocking  usually  ranges 
from  150  to  300  ft^  of  basal  area  per  acre.  This 
probably  represents  something  close  to  full  to 
overstocking.  While  no  guidelines  are  available 
for  uneven-aged  stands,  residual  stocking  goals  of 
GSL-80  to  GSL-120  are  suggested  for  managed 
even-aged  spruce-fir,  depending  on  site  produc- 
tivity, number  of  entries,  and  other  management 
objectives  (Alexander  et  al.  1975).  These  levels  in 
terms  of  ft^  of  basal  area  per  acre  should  be  useful 
in  estimating  initial  stocking  goals  for  that  part 
of  the  stand  that  will  eventually  be  regulated 
under  uneven-aged  management. 

The  use  of  yield  tables  for  even-aged  stands  in 
1  setting  stocking  goals  for  uneven-aged  forests 
imay  not  be  appropriate  for  all  species.   This 
method  assumes  that  there  is  little  difference  be- 
jtween  the  growing  stock  of  even-aged  and  un- 
even-aged forests,  other  than  a  redistribution  of 
age  classes  over  a  smaller  area  (Bond  1952).  This 
ipattern  may  weU  develop  when  stands  of  in- 
Itolerant  to  moderately  tolerEmt  species  are  har- 
jvested  by  a  group-selection  method.  The  end  re- 
sult may  well  be  a  series  of  small  even-aged 
Igroups  represented  in  the  same  proportion  as  the 
series  of  age  classes  in  even-aged  management.  If 
more  shade-tolerant  species  are  harvested  by  a 
^oup-  or  individual-tree  selection  method,  how- 
fever,  a  different  pattern  may  develop.  Often,  ad- 
['^anced  growth  of  smaller  trees  will  become  estab- 
lished under  a  canopy  of  larger  trees.  Growing 
space  occupied  by  each  age  or  size  class  is  being 
«h£ired  (Reynolds  1954).  Assuming  that  logging 
Jamage  to  the  under  story  trees  can  be  controlled, 
Idvance   growth   will    successfully   estabUsh   a 
leries  of  age  classes  on  at  least  some  acres.  In  this 
ituation,  more  trees  of  larger  size  can  be  grown 
er  acre  than  is  possible  with  a  balanced  even- 
ged  growing  stock  (Bourne  1951,  H.  A.  Meyer  et 
1.  1961).  The  use  of  yield  table  data  for  such 
bands  can  predict  inaccurate  results  (Walker 
956). 

As  pointed  out  earlier,  control  over  the  diame- 
)r  distribution  is  also  necessary  to  regulate 
;  elds  under  uneven-aged  management.  This,  the 
lost  important  step,  is  accomplished  by  estab- 
l>hing  the  desired  number  of  trees  for  each  dia- 
leter  class. 

To  allow  for  continuous  yields,  the  curve  of 
timber  of  trees  plotted  over  diameter  class 
sould  have  roughly  an  inverse  J-shape.  There  are 
a  number  of  ways  to  express,  measure,  or 
ciculate  diameter  distributions.  The  quotient  q 
btween  number  of  trees  in  successive  1-  or  2-in 
dimeter  classes  is  an  accepted  method  (H.A. 


Meyer  1952).  Quotients  ranging  between  1.3  and 
2.0  (for  2-in  classes)  have  been  recommended  for 
various  situations.  The  lower  the  q,  the  smaller 
the  difference  in  number  of  trees  between 
diameter  classes.  Stands  maintained  at  a  small  q 
have  a  higher  proportion  of  available  growing 
space  in  larger  trees. 

Lexen  did  not  use  q  to  estabhsh  diameter 
distribution  for  ponderosa  pine  in  the  Southwest, 
but  when  his  residual  numbers  of  trees  per  acre 
are  plotted  over  diameter  classes,  the  resulting 
curve  is  a  typical  inverse  J-shape  (fig.  1).  The  q 
value  for  the  distribution  approximates  1.5. 
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Figure  1.— Lexen's  stocking  curve  for  uneven-aged  stands  of 
soutfiwestern  ponderosa  pine. 

In  irregular  spruce-fir  stands,  the  diameter 
distribution  from  plot  data  provide  the  basic 
information  needed  to  obtain  an  actual  stocking 
curve.  In  the  absence  of  any  experience  data  or 
good  growth  and  yield  information,  some  ar- 
bitrary q  level  (1.5,  for  example)  could  be  used  to 
calculate  the  number  of  trees  by  diameter  classes 
and  obtain  basal  area.  This  basal  area  can  be  ad- 
justed by  proportion  to  obtain  the  number  of 
trees  in  each  diameter  class  to  meet  desired 
residual  basal  area  (Trimble  and  Smith  1976). 


Comparing  curves  of  the  actual  and  desired 
diameter  distributions  will  show  where  deficits 
and  surpluses  occur  (figs.  2  and  3).  To  bring  a 
stand  under  regulation,  management  should  be 
concerned  with  increasing  the  number  of  trees 
where  needed  along  the  residual  stocking  curve, 
and  cutting  within  the  range  of  surplus  trees.  As 
a  guiding  poUcy,  enough  trees  should  be  left 
above  the  curve  in  the  surplus  diameter  classes  to 
balance  the  deficits  in  diameter  classes  below  the 
curve. 

The  need  for  developing  diameter 
distributions  for  trees  in  the  unmerchantable 
diameter  classes  is  questionable.  In  the  Rocky 
Mountains,  minimum  merchantable  diameters 
are  5  to  8  in  for  most  species.  Trees  below 
these  sizes  would  be  unregulated,  but  they  should 
not  be  ignored  in  recordkeeping.  These  trees  may 
compete  for  growing  space  with  larger  stems,  and 
we  need  to  know  what  is  happening.  More  im- 
portantly, however,  they  provide  the  ingrowth  in- 
to the  merchantable  size  classes  needed  for  in- 
dividual tree  selection.  Since  these  trees  are  likely 


to  be  unregulated,  cutting  may  be  heavy  in  the 
threshold  size  classes  to  obtain  the  desired 
numbers  of  trees  in  the  regulated  part  of  the 
stand. 

It  is  not  likely  that  unregulated  stands  will  be 
brought  under  control  with  one  cut  or  even  a  ser- 
ies of  cuts.  More  likely,  limitations  imposed  by 
stand  conditions,  windfall,  and  insect  and  disease 
susceptibility  will  result  in  over-  or  undercutting. 
Yields  from  harvest  will  fluctuate  until  some  bal- 
anced diameter  distribution  is  obtained.  Even 
under  regulation,  it  is  not  possible  or  necessary  to 
obtain  a  theoretical  diameter  distribution  on 
every  acre.  Furthermore,  when  it  comes  time  to 
mark  stands  for  cutting,  diameter  classes  broader 
than  1  or  2  in  may  be  used  (H.  A.  Meyer  1943). 

Stand  structure  goals  to  regulate  uneven- 
aged  stands  are  primarily  to  provide  a  balanced 
diameter  distribution  that  will  support  periodic 
yields  of  about  equal  volumes.  Growth  and  yield 
determination  may  have  to  be  based  on  intertree 
competition,  independent  of  structure. 
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Figure  2.— Comparison  of  actual  and  desired  (g  =  1.5)stocl(ing 
curves  for  a  spruce-fir  stand. 


Figure  3.— Comparison  of  actual  and  desired  (qr  -  1.3)  stocking  • 
curves  for  a  spruce-fir  stand. 


The  maximum  tree  size  to  leave  after  each  cut 
depends  upon  site  quality,  species,  management 
objectives,  and  other  factors.  Without  any  readily 
apparent  reason,  Lexen  selected  a  maximum  dia- 
meter of  24  in  at  breast  height.  Examination  of 
jdeld  table  predictions  for  even-aged  spruce 
stands,  and  plot  inventory  information  from  un- 
managed  stands  with  irregular  structure, 
suggests  a  diameter  of  24  in  can  be  attained  with- 
in a  reasonable  time  for  a  wide  range  of  stocking 
and  site  quality.  In  the  absence  of  any  in- 
formation on  growth  rates,  or  rate  of  return  for 
specific  diameter  and  stocking  classes,  this  seems 
to  be  a  reasonable  first  approximation  to  set  for 
timber  production.  Trees  of  larger  diameter  with 
a  lower  rate  of  return  on  investment  may  be  ap- 
propriate for  multiple-use  reasons. 

Prescribing  residual  volumes,  diameter  distri- 
butions, or  tree  size  goals  that  cannot  be  applied 
or  attained  is  an  exercise  in  futility.  Regulation  of 
uneven-aged  forests  fails  unless  the  prescribed 
structure  can  be  marked  in  the  field  with  some  de- 
gree of  accuracy.  Marking  in  stands  of  a  species 
mixture  such  as  spruce-fir,  for  example,  is  dif- 
ficult because  of  limited  inventory  information. 
The  marker  must  designate  cut  or  leave  trees  ade- 
quately with  one  pass  through  the  stand.  At  the 
same  time,  he  must  apply  good  silviculture  and  be 
aware  of  economic  limitations.  As  a  general  rule, 
good  silvicultural  prescriptions  are  more  im- 
portant than  strict  adherence  to  structural  goals, 
especially  in  unregulated  stands  being  cut  for  the 
[first  time.  However,  marking  without  a  structural 
goal  defeats  the  objective  of  regulation. 

Marking  for  individual  tree  selection  is  more 
jcomplex  than  for  other  systems,  and  some  formal 
jcontrol  procedure  is  usually  necessary.  Often  only 
•an  estimate  of  the  initial  stand  and  the  desired 
psidual  diameter  distribution  is  needed.  With 
these  estimates,  basal  area  and  number  of  trees  to 
be  removed  by  diameter  class  can  be  determined. 
Control  is  maintained  by  process  of  successive 
:hecks  and  revisions  toward  the  desired  stand 
structure. 


Rotation  Age  —  A  Valid  Concept  With 
Uneven- Aged  Management? 

Under  a  system  of  even-aged  management, 
he  rotation  age  is  the  number  of  years  required 
D  estabUsh  and  grow  a  stand  of  trees  to  some 
pecified  measure  of  maturity.  Economic,  patho- 
^  'gical,  technical,  and  silvicultural  considerations 
lould  enter  into  setting  the  rotation  age.  Even- 
ted stands  are  regenerated,  tended,  and  har- 
Bsted  during  the  specified  rotation,  and  the  se- 
aence  is  then  repeated.  Stand  development  is  a 
nction  of  tree  age.  The  rotation  age  is  a  key 


component  in  regulating  the  cut,  since  the  har- 
vest is  determined  in  relation  to  it. 

With  uneven-aged  management,  stands  are 
continuously  or  periodically  being  regenerated, 
tended,  and  harvested,  with  no  real  beginning  or 
end.  The  silviculturist  needs  to  know  the  amount 
of  time  required  to  produce  a  tree  of  a  certain  size, 
under  given  stand  conditions,  but  the  cut  is  not 
based  on  tree  ages.  No  separate  age  classes  are 
recognized,  and  the  actual  age  of  a  tree  or  group 
of  trees  is  of  little  practical  importance.  Volume 
per  acre  cannot  be  expressed  as  a  function  of  aver- 
age tree  age,  and  the  rotation  age  is  not  a  valid 
basis  for  regulation.  Regulation  of  the  cut  is  de- 
termined in  relation  to  growing-stock  level  and 
distribution,  the  cutting  cycle,  and  the  rate  of 
volume  and  value  growth.  The  size  and  condition 
of  a  tree  and  its  capacity  to  grow  are  much  more 
significant  than  its  actual  age. 

What  is  essential  in  a  regulated  uneven-aged 
forest  is  that  all  sizes  of  trees  be  represented  in 
balanced  proportion,  and  that  these  trees  be  able 
to  reach  their  growth  potential  (H.A.  Meyer 
1943).  The  inadequacy  of  regulation  based  on 
fixed  rotations  applied  to  the  management  of 
irregular  and  uneven-aged  forests  has  been  dis- 
cussed by  Kirkland  (1925,  1934). 


Cutting  Cycles  in  Uneven- 
Aged  Management 

The  interval  between  cuts  will  vary  with  the 
rate  of  growth,  residual  stocking  level,  site 
quality,  volume  available  for  cutting,  ac- 
cessibihty,  economic  constrednts,  and  intensity 
of  management.  In  western  coniferous  forests, 
cutting  cycles  under  even-aged  management  vary 
from  10  to  40  years.  From  a  silvicultural  point  of 
view,  cutting  should  be  timed  to  coincide  with  the 
return  of  the  residual  stand  to  full  stocking— that 
point  where  growth  begins  to  diminish.  In  actual 
practice,  re-entry  schedules  are  usually  set  at 
multiples  of  10  years  for  convenience  of  record- 
keeping. In  unregulated  coniferous  stands  that 
are  being  brought  under  management,  where 
specific  growth  information  is  lacking,  a  cutting 
cycle  of  20  to  30  years  seems  reasonable.  In 
stands  with  incomplete  representation  of  dia- 
meter classes,  volumes  available  for  cutting  may 
not  warrant  this  frequency  of  re-entry  until  a  con- 
trolled diameter  distribution  is  attained. 

Intensity  of  silviculture  and  the  relation  of 
the  growth  rate  to  economic  constraints  are  prob- 
ably the  most  important  factors  in  choosing  the 
length  of  the  cutting  cycle.  With  intensive 
management  and  rapid  growth,  the  growing  stock 
distribution  can  be  changed  more  rapidly  with  a 
short   cycle.    Frequent   cuttings   allow   natural 


mortality  to  be  reduced  by  removing  high-risk 
trees.  With  a  short  cycle,  relatively  small  volumes 
are  removed  per  acre  in  a  single  cut  that  leaves  a 
large  growing  stock  for  the  next  cut.  Displace- 
ment of  actual  growing  stock  from  growing  stock 
distribution  goals  is  relatively  small. 

Longer  cutting  cycles  under  more  extensive 
management  require  that  considerable  volumes 
be  removed  per  acre  in  a  single  cut.  Displacement 
of  actual  growing  stock  from  desired  goals  may  be 
significant,  leaving  a  smaller  residual  growing 
stock  to  put  on  less  volume  growth  than  a  denser 
residual  stand.  With  longer  cycles,  mortaUty  may 
also  affect  the  estimate  of  net  volume  growth. 

Cutting  cycles  are  usually  estabhshed  for  a 
compartment,  but  larger  or  smaller  subdivisions 
may  be  used.  Trees  can  be  cut  every  year  in  some 
part  of  the  management  unit,  or  at  periodic  in- 
tervals. Regardless  of  the  intervals  of  re-entry, 
each  stand  should  be  examined  before  treatment 
to  determine  what  needs  to  be  done  and  when  it 
should  be  accomplished.  After  treatment,  another 
examination  is  required  to  determine  what  was 
accomplished  in  terms  of  goals  set. 


regulatory  unit.  Unfortunately,  these  kinds  of  re- 
measurement  data  are  hard  to  come  by,  and  pub- 
hshed  information  on  growth  in  uneven-aged 
stands  of  western  coniferous  species  is  almost 
nonexistent.  Furthermore,  data  obtained  from 
present  forest  inventory  procedures  may  not  be 
suitable  for  growth  projections.  The  major  ob- 
stacle to  growth  projections  is,  of  course,  lack  of 
long-term  yield  estimates  for  managed  stands 
comparable  to  that  avedlable  for  even-aged 
stands. 

Two  general  approaches  to  determination  of 
the  allowable  cut  have  long  been  recognized:  area 
control  and  volume  control.  A  certain  amount  of 
confusion  has  resulted  from  this  division. 
Usually,  area  control  is  most  appropriate  for 
even-aged  forests  and  volume  control  for  uneven- 
aged  forests  (Bond  1952).  In  practice,  however, 
regulation  of  the  cut  and  development  of  a  cutting 
plan  include  both  volume  and  area  regulation 
(Guilkey  and  Gevorkiantz  1949,  Meyer  et  al. 
1961).  They  may,  therefore,  be  used  to  com- 
plement each  other  in  determining  the  level  of  cut 
and  the  cutting  plan. 


Allowable  Cut  Projections 

Under  uneven-aged  management  with  in- 
dividual tree  selection,  allowable  cut  projections 
are  relatively  simple  and  straightforward,  in  con- 
cept, and  easy  to  accomplish,  at  least  for  one 
cutting  cycle.  Attempts  to  project  yields  through 
many  cutting  cycles  with  present  growth  and 
inventory  data  are  not  realistic.  The  number  of 
trees  and  basal  area  by  diameter  classes  are  ob- 
tained from  the  past  logging  inventory.  Expected 
growth  increases  and  the  number  of  trees  by  dia- 
meter classes  are  projected  to  predict  the  stand  at 
the  time  of  the  next  cut.  The  difference  between 
the  specified  residual  (present)  stand  structure 
and  the  projected  (future)  stand  structure  is  the 
allowable  cut.  Allowable  harvest  for  the 
regulatory  unit  would  be  obtained  by  following 
this  procedure  for  each  stand  or  compartment  and 
summing  the  expected  yields.  Irregularities  in 
year-to-year  yields  can  be  smoothed  out  to  some 
extent  by  adjusting  the  time  individual  stands 
are  cut. 

The  difficulty  with  this  procedure  is  lack  of 
growth  data  for  even  short-term  projections. 
Ideally  these  projections  would  be  made  from 
measurement    data    on    growth   plots    in    each 


Markets  and  Financial  Aspects 
of  Regulation 

Regardless  of  the  projected  allowable  cut, 
regulation  is  subject  to  supply  and  demand.  We 
cannot  increase  the  volume  of  timber  sold  above 
what  the  market  can  take.  We  can  only  limit  the 
amount  sold.  Furthermore,  timber  sold  may  not 
be  cut  on  schedule.  Since  uneven-aged  mtmage- 
ment  requires  cutting  in  all  classes,  markets  must 
be  developed  for  smaU-diameter  trees.  Otherwise 
the  cost  of  removing  this  material  will  have  to  be 
carried  by  the  merchantable  portion  of  the  stand. 

Regulation  under  uneven-aged  management 
is  more  expensive  than  under  even-aged  manage- 
ment. Stand  examinations  to  update  inventory 
and  growth  information  must  be  made  at  more 
frequent  intervals.  More  detailed  records  of  aver- 
age volumes,  size  classes,  cutting  schedules,  and 
other  pertinent  data,  are  required  for  control  of 
the  cut.  Marking  trees  to  be  removed  is  more  com- 
plex and  time  consuming.  A  complete,  permanent 
road  system  and  skid  trail  location  and  layout 
that  wiU  permit  frequent  entries  into  the  stand 
with  minimum  damage  to  the  residual  are  also 
needed  for  successful  regulation. 
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Voellmy's  (1955)  avalanche  dynamics  equations  are  reviewed 
and  combined  with  more  recent  findings  of  other  workers.  Equa- 
tions are  used  to  estimate  flow  heights,  velocities,  specific  thrust 
pressure,  maximum  specific  weight  of  avalanche  debris,  and  runout 
distance  for  12  avalanche  case  studies  from  the  Colorado  Rocky 
Mountains.  Suggestions  are  made  for  using  this  engineering  ap- 
proach for  avalanche  zoning  and  land  use  planning. 

Keywords:     Avalanche  dynamics,  avalanche  zoning,  land  use  plan- 
ning. 


PREFACE 

The  reader  is  cautioned  against  a  "cookbook" 
use  of  the  equations  presented  in  this  Paper.  The 
theory  of  avalanche  dynamics  is  still  at  a  stage 
where  a  good  deal  of  judgment  and  experience  in 
avalanche  matters  are  needed,  espjecially  in  the 
selection  of  avalanche  flow  height  and  the  two 
friction  coefficients.  During  the  calculations  of 
avalanche  motion  and  effects,  constant  checks 
should  be  made  on  the  intermediate  results  to  be 
sure  they  are  reasonable.  When  they  are  avail- 
able, field  indications  of  flow  heights  or  impact 
forces  should  be  used  as  checks  on  the  calculated 
values. 
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AVALANCHE   DYNAMICS: 
Engineering  Applications  for  Land  Use  Planning 

Charles  F.  Leaf  and  M.  Martinelli,  Jr. 


INTRODUCTION 


Concerns  and  Objectives 

In  this  era  of  rapidly  increasing  recreation  ac- 
tivity and  intense  resource  development  in  snow- 
covered  mountainous  areas,  careful  planning  to 
insure  compatibility  with  natural  processes  is  es- 
sential if  tragic  side  effects  are  to  be  minimized. 
Although  highways  and  railroads  are  typically 
most  vulnerable  to  avalanche  activity,  the  recent 
trend  toward  development  of  permanent  housing 
lin  the  runout  zone  of  potentially  devastating  ava- 
[anches  invites  unprecedented  disaster. 
I  In  the  United  States,  when  avalanche  hazards 
jvere  first  recognized,  the  tendency  was  to  con- 
sider explosive  control.  More  recently,  serious 
Consideration  has  been  given  to  structural  solu- 
iions  to  the  problem.  In  many  cases,  structural 
lontrol  is  the  only  feasible  alternative  (USDA  FS 
I975).  However,  as  with  flood  plains  and  other 
azardous  areas,  there  are  important  nonstruc- 
ural  alternatives  that  must  also  be  considered, 
me  of  the  best  solutions,  which  by  its  very  na- 
ire  provides  and  insures  opportunities  for  en- 
ronmental  quahty  and  efficient  land  use,  is  that 
I  regulating  the  use  in  avalanche  areas.  Zoning, 
iibdivision  regulations,  building  codes,  and  simi- 
\t  ordinances  can  be  enacted  which  will:  (1)  pro- 
^de  for  open  space  in  critical  avalanche-prone 
teas,  and  (2)  require  that  if  structures  must  be  lo- 
oted in  avalanche  areas,  they  be  designed  to 
vthstand  the  dynamic  loadings  imposed  by  ava- 
lijiches.  Recently  enacted  land  use  legislation  in 
Clorado  (Colorado,  State  of,  1974)  designating 
aalanches  and  certain  other  natural  hazards  as 
"reas  of  State  concern"  should  be  a  great  aid  in 
p; venting  major   avalanche   problems.    Fortu- 
n,;ely,  there  is  still  time  in  most  of  the  mountain- 
OM  areas  of  North  America  for  the  recognition 
aii  zoning  of  avalanche  areas  prior  to  large-scale 
drelopment.  However,  the  technical  and  legal 


guideUnes  to  do  this  effectively  are  generally  im- 
avaUable. 

Two  technical  problems  associated  with  land 
use  planning  in  avalanche-prone  areas  are  ap- 
parent. One  has  to  do  with  forecasting  avalanche 
occurrences,  and  the  second  deals  with  avalanche 
dynamics.  Avalanche  forecasting  permits  con- 
tinued use  of  avalanche-prone  areas  with  evacua- 
tion and  control  during  periods  of  extreme  haz- 
ard. An  understanding  of  the  dynamics  of  ava- 
lanches permits:  (1)  structures  to  be  safely  lo- 
cated outside  the  Umits  of  the  largest  expected 
avalanches,  and  (2)  determination  of  impact  loads 
that  must  be  withstood  by  existing  and  proposed 
structures  in  the  avalanche  path,  such  as  high 
voltage  transmission  towers,  bridges,  or  build- 
ings. 

The  approach  and  equations  offered  here  were 
first  modified  for  use  in  avalanche  problems  from 
classic  fluid  djoiamics  principles  by  Voellmy 
(1955).  Recent  changes  suggested  by  the  work  of 
Schaerer  (1973,  1975a),  Sahn  (1966),  and  Mears 
(1975,  1976,  1977)  have  expanded  the  original 
work  without  greatly  changing  the  underlying 
concepts.  The  basic  approach,  although  empirical 
in  nature,  is  objective  and  therefore  easily  reex- 
amined and  modified  as  needed.  It  is  felt  that  ef- 
fective avalanche  zoning  requires  an  engineering 
approach  for  the  determination  of  avalanche  run- 
out distances  and  impact  forces.  Part  II  demon- 
strates that  reasonable  values  can  be  obtained  for 
these  parameters  with  proper  field  data  and  equa- 
tion coefficients.  For  zoning  purposes,  the  first 
job  is  to  identify  and  delineate  areas  of  potential 
avalanche  danger  (Rogers  et  al.  1974,  Mears 
1977).  Next,  avalanche  danger  within  these  areas 
must  be  quantified,  preferably  by  some  objective 
method.  Finally,  the  degrees  of  acceptable  risks 
must  be  determined  by  consensus  of  the  popula- 
tion and  the  local  government  agencies. 


The  objective  of  this  report  is  to  outline  meth- 
ods whereby  our  status  of  knowledge  in  ava- 
lanche dynamics  can  be  used  to  provide  a  unified 
engineering  approach  from  which  guidelines  can 
be  developed  for  quantifying  avalanche  hazards. 

Our  Approach 

Avalanche  Dynamics 

Part  I  of  this  report  is  a  review  of  our  status  of 
knowledge  of  avalanche  dynamics.  It  is  not  a  de- 
tailed discussion  of  the  theory,  but  rather,  a  sys- 
tematic compilation  of  equations  which,  despite 
the  limited  scientific  data  available,  appear  to  be 
adequate  for  engineering  applications.  It  is  based 
primarily  on  work  by  Voellmy  (1955),  who  made  a 
rigorous  analysis  based  on  observations  of  struc- 
tural damage  immediately  after  avalanche  occur- 
rences in  Austria.  Since  Voellmy's  work,  other 
studies  have  confirmed  his  approach  and  have  im- 
proved his  equations.  Much  work  is  still  needed, 
however,  on  the  theoretical  background  of  ava- 
lanche dynamics. 

In  the  authors'  opinion,  this  review  is  a  realistic 
appraisal  of  the  engineering  tools  available  to 
help  solve  avalanche  problems.  These  tools  re- 
duce complex  avalanche  phenomena  to  a  predict- 
able pattern  of  dimensions,  forces,  densities,  and 
speeds  that  account  for  the  release  of  snow  in  the 
starting  zone,  its  concentration  in  the  track,  and 
its  ultimate  deposition  in  the  runout  zone. 


The  equations  are  mostly  for  large  avalanches 
that  run  on  unconfined  slopes.  Channelization  o: 
the  avalanche  leads  to  greater  flow  depths 
greater  velocities,  and  longer  runout  distances 
Channelization  can  usually  be  handled  by  adjust 
ing  the  flow  height  or  by  continuity  calculation; 
using  the  hydraulic  radius  and  hydrauHc  depth. 


Field  Verification 

Many  of  the  equations  in  Part  I  have  been  for 
mulated  into  a  computerized  model  that  simu 
lates  the  major  components  of  avalanche  dy 
namics.  However,  because  any  engineering  sys 
tern  must  be  formulated  with  a  certain  amount  o  ' 
empiricism,  field  calibration  is  extremely  impor. 
tant  in  order  to  build  confidence  in  its  use.  Th  ^ 
system  was  calibrated  against  published  compile 
tions  of  field  data  (Frutiger  1964,  Gallagher  196"; 
Williams  1975)  and  unpublished  observations. 

This  work,  presented  as  Part  II,  accomplishes 
two  things.  First,  it  provides  preliminary  illustn-. 
tions  of  procedures  for  avalanche  analyses.  Se  ■ 
ondly,  it  focuses  on  the  need  for  systematic  con  - 
pilation  of  field  data  on:  (1)  flow  and  frictional  n- 
sistance  of  avalanches  under  a  variety  of  cond  ■ 
tions;  (2)  runout  distances;  (3)  extent,  character 
and  amount  of  debris  in  the  runout;  (4)  longituc 
nal  profiles;  and  (5)  fracture  heights  or  some  otb  i 
estimate  of  average  slab  thickness. 


PARTI.   AVALANCHE  DYNAMICS 


Recognition  of  Avalanche  Areas 

No  single  group  of  terrain  features  character- 
izes avalanche-prone  areas  (Martinelli  1974).  Haz- 
ardous areas  vary  from  deeply  incised  gillies  to 
broad,  uniform  slopes.  They  may  be  in  steep  ter- 
rain or  on  slopes  with  gradients  less  than  30  de- 
grees. A  useful  indicator  of  avalanche  activity  in 
forested  areas  is  the  absence  of  trees  in  conspic- 
uous strips  oriented  perpendiculsu"  to  the  con- 
tours. However,  the  presence  of  forest  cover  does 
not  preclude  avalanche  activity.  Many  ava- 
lanches occur  in  scattered  timber.  Above  timber- 
line,  such  features  as  large  cornices,  well-defined 
cirques,  and  steep  topography  are  potential  con- 
tributors to  avalanche  activity. 


Avalanche  Types  and  Classification 

The  dynamics  of  avalanches  is  determined  by 
many  interrelated  factors,  including  the  type  and 
imount  of  snow,  manner  of  deposition,  and  to- 
jography.  Accordingly,  an  understanding  of 
pasic  avalanche  types  is  a  prerequisite  to  any  the- 
oretical analysis  of  avalanche  motion.  Detailed 
iiscussions  of  avalanche  types  and  their  classifi- 
cation are  available  elsewhere  (Mellor  1968,  de 
^uervain  et  al.  1973,  Perla  and  Martinelli  1976). 

It  is  important  to  differentiate  several  types  of 
ivalanche  motion.  In  powder  avalanches,  most  of 
he  snow  swirls  through  the  air  as  a  snow  dust 
loud.  In  flowing  avalanches,  most  of  the  snow 
lOves  in  a  turbulent,  tumbhng  motion  near  the 
round.  In  mixed-motion  avalanches,  the  snow 
lOves  in  a  combination  of  these  two  types  of  mo- 
ion.   Large   blocks   and   particles   bounce   and 
amble  along  the  ground;  smaller  particles  are 
irborne.  Flowing  and  mixed-motion  avalanches 
lay  be  either  dry  or  wet,  depending  on  moisture 
Dnditions  in  the  snow.  Also,  they  may  run  on  a 
low  layer,  or  they  may  penetrate  through  the 
ack  and  run  on  the  ground.  The  former  are  called 
irface   avalanches;   the   latter  full-depth   ava- 
nches. 


Fluid  Analogy  for  Avalanche  Motion 

Flowing  snow  usually  behaves  much  like  a 
fluid.  In  reality,  the  avalanche  medium  consists 
of  fine  grains  or  clumps  of  snow  which  move  by  a 
combination  of  saltation  and  suspension.  The 
most  logical  analogy  is  to  assume  that  the  prin- 
ciples of  fluid  mechanics  apply,  however,  so  that 
the  concepts  of  conservation  of  mass,  momen- 
tum, and  energy  can  be  used  to  study  avalanche 
motion.  This  fluid  analogy  of  avalanche  dynamics 
has  been  more  or  less  substantiated  several  times 
through  study  of  density  currents  (Shen  and 
Roper  1970,  Tochon-Danguy  and  Hopfinger 
1975).  Also,  Losev  (1969)  argued  that  the  motion 
of  an  avalanche  should  not  be  treated  like  that  of 
a  soUd  body.  Although  some  will  argue  that  slab 
avalanches  are  an  exception  to  this  concept,  sub- 
sequent equations  will  show  that,  once  the  snow 
gives  way,  speeds  are  sufficient  to  disintegrate 
much  of  the  slablike  structure,  thus  transforming 
the  avalanche  into  fluidlike  motion. 

Moskalev's  (1966)  review  of  avalanche  mechan- 
ics indicates  that  the  study  of  avalanche  dy- 
namics may  have  originated  in  Russia  in  the 
1930's.  Although  this  work  was  known  in  some 
European  circles,  avalanche  dynamics  was  also 
studied  independently  in  Western  Europe  and 
Japan. 

The  most  comprehensive  and  far-reaching 
treatment  of  avalanche  dynamics  is  the  outstand- 
ing  paper  by  Voellmy  (1955),  "Uber  die  Zersto- 
rungsla-aft  von  Lawinen."  It  presents  a  rigorous 
analysis  based  on  intensive  observations  of  struc- 
tural damage  immediately  after  avalanches  in 
Austria. 

In  the  authors'  opinion,  Voellmy  developed  the 
most  acceptable  and  unified  approach  to  the  solu- 
tion of  avalanche  dynamics  problems.  Accord- 
ingly, this  review  is  essentially  a  summary  of 
Voellmy 's  work,  with  some  minor  revisions  and 
refinements  where  subsequent  research  has  im- 
proved the  original  equations. 

Mears  (1975)  pointed  out,  however,  that  the  as- 
sumptions required  for  the  use  of  Voellmy 's  equa- 


tions  —the  two  friction  coefficients,  ^  and  fx,  and 
flow  height,  h' ,  discussed  subsequently  in  this  re- 
port—make it  desirable  to  seek  any  field  evidence 
of  impact  force  or  flow  height  to  use  as  a  check  on 
computations. 


Fluid  Properties 

Calculations  required  in  the  study  of  the  dy- 
namics of  avalanches  bring  up  important  ques- 
tions about  snow  properties.  Because  flowing 
snow  is  assimied  to  behave  as  a  fluid,  definite  dis- 
tinctions must  be  maintained  between  weight, 
force,  and  mass,  and  between  specific  weight  and 
density. 

The  properties  of  fluids  are  discussed  in  various 
textbooks  (Binder  1955,  Ference  et  al.  1956, 
Streeter  1958,  Albertson  et  al.  1960).  However, 
these  important  concepts  are  also  discussed  in  ap- 
pendix A,  because  they  are  essential  for  a  clear 
understanding  of  avalanche  phenomena. 


lanche  moving  over  a  smooth  snow  cover  with  no 
trees. 

It  should  be  emphasized  that,  because 
Voellmy's  turbulent  friction  coefficient  ($)  is  not  a 
fixed  value,  selecting  the  proper  value  of  ^  re 
quires  a  basic  knowledge  of  several  factors. 
Voellmy's  turbulent  friction  coefficient  can  be  re- 
lated to  roughness  factors  which  affect  the  flow  o) 
water  in  open  channels.  These  factors  include  th( 
Chezy  coefficient  (C)  and  Manning's  roughness 
coefficient  (n).  The  factors  that  exert  the  greatest 
influence  on  Manning's  n  are  well  described  bj 
Chow  (1959): 


Surface  roughness 

Vegetation 

Channel  irregularity 

Channel  alinement  and  slope 

Channel  stability 

Obstructions 

Size  and  shape  of  channel 

Stage  and  discharge 

Suspended  material  and  bedload 


Avalanche  Velocity  and  Flow  Height 

Mellor  (1968)  has  shown  that  the  flow  of  de- 
veloped avalanches  is  decidedly  turbulent,  with 
Reynold's  numbers  (Re)  of  10*  to  10'°  for  mean 
downslope  velocities  of  between  10  and  100 
meters  per  second  (m/s).  Accordingly,  viscosity  is 
an  unimportant  flow  parameter  in  virtually  all 
avalanche  situations. 

The  velocity  equations  derived  by  Voellmy 
(1955)  are  based  primarily  on  the  assumptions  of 
uniform  open-channel  flow  (Chow  1959).  Similar 
equations  can  also  be  developed  using  the  prin- 
ciples of  fluid  resistance  (Albertson  et  al.  1960). 
Shen  and  Roper  (1970)  found  that  Voellmy's  ve- 
locity equation  for  powder  avalanches  conforms 
with  experimental  results  obtained  from  density 
current  studies,  and  that  Voellmy's  suggested 
value  for  the  turbulent  friction  coefficient  ($)  of 
400  to  600  m/s*  will  give  a  reasonable  estimate  of 
the  terminal  velocity  of  a  powder  avalanche  flow- 
ing over  a  hydrodynamically  smooth  boundary. 
For  engineering  design,  however,  they  proposed  ^ 
=  750.  More  recent  work  (Schaerer  1975a)  indi- 
cates that  ^  may  be  as  high  as  1800  for  an  ava- 


At  the  present  state  of  knowledge,  the  selectioi 
of  a  correct  value  of  ^  involves  several  intanu 
gibles;  thus  estimates  should  be  tempered  by  eci' 
gineering  judgment  and  experience.   Althouglj 
theoretical  studies  on  the  mechanics  of  opece 
channel  flow  have  not  yet  completely  explainer 
problems  (Chow  1959),  these  studies  have  show- 
that  it  is  possible  to  interpret  the  empiricf 
roughness  coefficients  by  means  of  theoretia 
equations  for  uniform  flow.  In  practice,  howevei 
even  for  open-channel  flow  in  large  rivers,  exper 
ence  and  judgment  are  most  often  used  ratht 
than  theoretical  equations  which,  at  best,  requii 
some  difficult  assumptions. 


Velocity 

Several  investigators  have  developed  equatioi  ■ 
for  the  maximum  velocity  of  an  avalancN 
(Voellmy  1955,  Salm  1966,  Mellor  1968,  Shen  ai : 
Roper  1970).  All  of  these  equations  are  similar  r 
spite  of  the  fact  that  different  approaches  we  i 
used  for  solving  the  problem.  The  basic  for 
the  equation  for  flowing  avalanches  is: 


y\na.  =  $h'  (1  -  yjy)  (sin  ^  -  ^tcos  ^P)  [1] 

where 

V^ax      =  the  terminal  velocity,  in  m/s, 

^  =  the  coefficient  of  turbulent  friction,  in 

m/s^ 

h'  =  the  vertically  measured  height  of  flow 

of  the  avalanche,  in  meters, 

7o  =  the  specific  weight  of  air  (approx.  1.25 

kg/m^  at  sea  level,  or  1.0  at  most  ava- 
lanche sites), 

=  the  specific  weight  of  the  flowing  snow, 
in  kg/m', 

=  slope  of  the  avalanche  path,  in  degrees, 
and 

=  the  coefficient  of  friction  of  motion 
(kinetic  friction). 


Equation  [1]  assumes:  (1)  no  correlation  be- 
tween kinetic  friction  and  speed,  (2)  constant  ava- 
1  lanche  mass,^  and  (3)  uniform  incline  of  the  path. 
I  Voellmy  assumed  that  the  kinetic  friction  term  (fi) 
((  varied  from  7/IOOO  to  7/2OOO;  however,  recent 
OP  vork  by  Schaerer  (1975a)  has  shown  that  fi  has  a 
m  iignificant  effect  on  avalanche  speeds  less  than 
ji   pO  m/s.  This  dependence  can  be  expressed  as: 


/^  = 


CO 


V, 


II  <  0.5 


[la] 


where  co  =  a  parameter  which  Schaerer  found  to 
be  5  m/s.  Schaerer  suggests  that  fi  =  0.5  is  an 
upper  limit  for  slow-moving  avalanches.  Al- 
though eq.  [la]  is  based  on  limited  data,  it  pro- 
vides an  objective  estimate  of  n  and  is  used  in 
subsequent  equations  for  terminal  velocity  in  this 
report.  When  calculating  runout  distance,  how- 
ever, it  is  often  informative  to  use  several  values 
of  fi  to  get  an  idea  of  the  range  of  runout  distances 
to  be  expected  with  different  snow  conditions. 
For  normal  snow  conditions,  /i  varies  from  0.15  to 
0.20  in  the  upper  part  of  the  runout  zone,  to  0.5  at 
the  end.  For  very  wet  or  powder  avalanches,  0.1 
may  be  a  better  value. 

If  the  velocity  dependence  of  kinetic  friction  is 
included,  eq.  [1]  can  be  rewritten  as: 


/  5 

=  ^h'  (1  -  7a/7)  (sin  )/'  -  ^ —  cos  \P) 


[lb] 


Schaerer's  work  has  confirmed  that  eq.  [1],  first 
suggested  by  Voellmy  (1955),  is  adequate  for  de- 
termining the  speeds  of  fully  developed  flowing 
avalanches.  He  points  out  that  in  addition  to  /i 
the  mean  velocity  is  a  function  of  the  turbulent 
friction  coefficient  ($),  which  depends  on  the  con- 
dition of  the  avalanche  track.  Based  on  field  ob- 
servations, Schaerer  (1975b)  suggests  the  follow- 
ing values  of  ^: 

Smooth  snow  cover,  no  trees  1 200- 1 800  m/s^ 

Average,  open  mountain  slope  500-750  m/s^ 

Average  gully  400-600  m/s^ 

Slope  with  boulders,  trees,  forests       150-300  m/s^ 


•^Perhaps  one  of  the  most  obvious  criticisms  leveled  at 
'is  assumption  is  that,  in  reality,  the  mass  increases  when 
1  avalanche  overrides  snow  in  the  track.  This  growth  can 
?  longitudinal,  lateral,  or  both,  depending  on  snow  and 
->undary  conditions.  Quantification  of  the  change  in  mass 
'th  distance  is  extremely  difficult.  l\/lellor  (1968)  and 
oskalev  (1966)  derived  rather  complex  equations,  which 
ellor  was  careful  to  point  out:  "afford  little  insight  into  the 
ifects  of  the  entrainment"  without  better  definition  of  the 
iiative  magnitudes  of  the  constants.  In  discussing  nomo- 
i^phs  based  on  highly  detailed  analyses  which  also  took 
iltrainment  into  consideration,  l^oskalev  (1966)  stated 
ipt:  "the  motion  of  avalanches  is  determined  by  rather 
limerous  factors,  most  of  which  cannot  be  taken  into  ac- 
cent with  satisfactory  accuracy.  In  the  computations  it  al- 
vtys  is  necessary  to  make  a  number  of  assumptions  and 
ffir  final  result  to  a  certain  degree  is  conditional.  There- 
f'e,  theoretically  more  rigorous,  but  complex  formulas  do 
rt  always  have  an  advantage  over  simpler  ones. " 


These  values  bracket  the  500  mis'  suggested  by 
Voellmy  (1955)  and  the  750  m/s^  proposed  by 
Shen  and  Roper  (1970). 

The  theoretical  equations  for  uniform  flow  indi- 
cate that  the  mean  velocity  may  be  strongly  de- 
pendent upon  the  shape  of  the  channel.  Accord- 
ingly, Voellmy 's  velocity  equation  [eq.  1],  which 
was  derived  for  unconfined  slopes,  can  be  modi- 
fied for  other  cross  sections  to: 


V^^a,  =  ^(l-7a/7)[RsinV'- 


D  COS  \p] 


[2] 


in  which 

R       =  the  hydraulic  radius  (A/P*),  in  meters, 

and 
D       =  the  hydraulic  depth  ( A/T*),  in  meters, 
where 

A       =  cross-sectional  area,  in  m^ 
P*     =  "wetted"  perimeter,  in  meters,  and 
T*      =  top  width,  in  meters. 


The  hydraulic  radius  and  hydraulic  depth  can 
be  expressed  in  terms  of  the  avalanche  flow 
height  (h' )  for  various  cross  sections.  Chow  (1959) 
summarizes  formulas  for  computing  the  proper- 
ties of  several  geometric  shapes.  For  complex  nat- 
ural channels,  R  and  D  can  be  computed  from 
field  measurements.  It  should  be  noted  that,  for  a 
very  wide  channel  (width  approximately  10  times 
greater  than  flow  depth),  h'  =  R  and  h'  =  D  and 
eq.  [2]  reduces  to  eq.  [lb]  for  the  rectangular  and 
trapezoidal  sections. 

Voellmy  found  that  an  avalanche  reaches  80 
percent  of  its  terminal  velocity  when  it  has  trav- 
eled the  distance  s ,  and  that: 


s,  =  0.5^h'/g 


[3] 


where 

s,       =  the  distance  required  for  an  avalanche  to 

reach  80  percent  of  terminal  velocity,  and 
g        =  the  acceleration  of  gravity  (approx.   10 

mis'). 

When  the  hydraulic  radius,  (R)  is  substituted,  eq. 
[3]  results  in  the  expression: 


s,  =  0.5^R/g 


[4] 


Moreover,    if   ^   is    500   m/s^   as   suggested   by 
Voellmy: 


s,  =  25R 


[5] 


where  R  varies  according  to  channel  cross  sec- 
tion. The  practical  significance  of  eqs.  [3]  and  [5] 
is  that  terminal  velocity  is  reached  after  very 
short  initial  distances.  Therefore,  as  Voellmy 
points  out,  defense  structures  in  the  starting  zone 
can  often  be  subjected  to  loadings  imposed  by 
sliding  snow  rather  than  from  creep  pressure. 

Equation  [2]  can  be  reduced  to  the  familiar 
Chezy  steady  flow  formula  for  open  channels  if 
yaly  and  n  are  neglected.  In  this  case,  the  Chezy 


resistance  coefficient,  C  =  ^"^and  sin  i/*  =  tan  i/ 
=  S.  Thus: 


v  =  cVrs 


[6 


Equation  [6]  has  significant  practical  value 
since  it  can  be  correlated  with  parameters  easily 
measured  in  the  field.  Because  R  is  some  function 
of  h'  (h'  =  R  for  wide  channels),  the  maximum 
velocity  is  a  parabolic  function  of  vertical  frac- 
ture height  in  the  starting  zone.  Powder  and  flow- 
ing avalanches  often  involve  only  the  new  snow; 
full-depth  avalanches,  on  the  other  hand,  usually 
fracture  to  the  ground. 

In  eq.  [6],  Voellmy  has  shown  when: 

S  >  ^^  +  M  :  flow  is  supercritical,'' 
S  <  ^^  +  M  :  flow  is  subcritical. 

Salm  (1966)  has  taken  issue  with  the  concept  oj 
supercritical  flow  in  dense  (slab)  avalanches 
arguing  that  there  can  be  no  propagation  of  sur 
face  waves.  However,  Mellor  (1968)  showed  thai 
the  flow  is  supercritical  for  both  slab  and  powdei 
avalanches,  using  data  originally  published  b> 
Voellmy.  Voellmy  suggested  that  for  ^  =  50C 
m/s^  supercritical  flow  can  theoretically  occur  or 
any  gradient  greater  than  approximately  2  per 
cent.  He  also  suggested  that  the  Chezy  coefficient 
(in  metric  units)  varies  between  20  and  25,  whicl 
corresponds  to  a  turbulent  friction  coefficient  (^ 
between  400  and  600.  Since  the  velocity  of  fric 
tionless  motion  can  never  be  exceeded,  it  can  b( 
shown  that  ^  cannot  exceed  the  upper  boundarj 
value: 


^  <  (2gs)/R 
where  s  >  s,  is  given  by  eq.  [4]. 

According  to  Voellmy  (1955)  "as  a  rule,  the! 
tire  motion  process  of  avalanches  need  not  hP* 
studied  in  view  of  the  short  starting  distances  o^ 
avalanches  .  .  .";  hence,  Y max  =  V  for  practice' 
applications. 

It  might  be  helpful  at  this  point  to  show  th 
general  relationship  between  the  Chezy  coeff 
cient  (C),  Manning's  roughness  coefficient  (n),  an^ 
Voellmy's  turbulent  friction  coefficient  (^),  sine 


^  Voellmy  called  subcritical  flow  "streaming  flow"  an 
supercritical  flow  "shooting  flow. " 


many  engineers  are  familiar  with  the  first  two. 
Chow  (1959)  shows  that,  in  metric  units: 


C=    -R"« 
n 


[7] 


where  R  is  hydraulic  radius.  If  the  density  terms, 
70/7,  and  the  internal  friction  term,  fi,  are  ignored 
in  equation  [1]  for  avalanche  velocity  (V),  it  be- 
comes: 


V=    v^h' (slope term) 

where  h'  is  flow  height,  and  equal  to  hydraulic 
radius  (R)  for  broad  slopes.  This  is  the  same  form 
as  the  famihar  Chezy  formula  (see  Eq.  6)  for  uni- 
form flow  in  open  channels: 

v  =  cVrs~ 

where  R  is  hydrauhc  radius,  V  is  velocity,  and  S  is 
a  slope  term.  Thus  C  is  proportional  to  ^fj^  If  we 
allow  C  =  V  ^  and  substitute  in  equation  [7],  it 
becomes: 


n  = 


From  this  equation,  values  of  n  as  a  function  of  ^ 
and  R  can  be  computed  (table  1). 

Fable  1. — Comparison  of  Manning's  n  and 
Voellmy's  ^  for  R  equal  to  1,  2,  and  3  m. 
(Natural  streams  normally  have  n  values  of 
0.02  to  0.08.) 


Values  of  n  for  R  equal  to: 
1  m  2m  3m 


150 

0.082 

0.092 

0.098 

300 

.058 

.065 

.069 

400 

.050 

.056 

.060 

500 

.045 

.051 

.054 

600 

.041 

.046 

.049 

750 

.037 

.041 

.044 

1000 

.032 

.035 

.038 

1200 

.029 

.032 

.035 

1500 

.026 

.029 

.031 

1800 

.024 

.026 

.028 

2000 

.022 

.025 

.027 

2500 

.020 

.022 

.024 

3000 

.018 

.020 

.022 

Flow  Height 

Flow  height  (h')  is  dependent  on  type  of  ava- 
lanche motion  and  fracture  depth.  Three  types  of 
motion— flowing,  mixed  motion,  and  powder— 
and  one  fracture  depth— full  depth— are  con- 
sidered. 

Flowing  Avalanches.— In  flowing  avalanches, 
the  height  of  the  shding  snow  layer  remains  con- 
stant for  a  relatively  long  time.  In  this  case,  70/7 
in  eq.  [2]  can  be  neglected,  and  the  velocity  is  com- 
puted by: 


V^  =  $   [Rsin\^-  ^Dcosi/'] 


[8] 


Voellmy  (1955),  MeUor  (1968),  and  Losev  (1969) 
all  agree  that,  after  exceeding  a  velocity  of  about 
10  m/s,  blocks  of  sliding  snow  are  disintegrated. 
As  the  result  of  turbulent  flow  and  dry  condi- 
tions, the  snow  in  flowing  avalanches  gradually 
becomes  suspended.  However,  on  slopes  that  ex- 
ceed 30°,  in  cold,  dry  weather,  a  flowing  ava- 
lanche may  assume  the  characteristics  of  a 
powder  avalanche  with  considerably  higher  veloc- 
ity and  destructive  potential.  The  determination 
of  flow  height  requires  considerable  experience. 
According  to  Voellmy,  the  height  of  flow  (h' )  for 
flowing  avalanches  is  approximately  the  same  as 
the  vertically  measured  fracture  height  of  the 
snow  in  the  starting  zone  (h).  In  situations  where 
there  is  considerable  new  snow  in  the  track,  h' 
should  be  increased  to  account  for  accretion  of 
avalanche  mass. 

In  the  flowing  avalanche,  the  specific  weight  of 
the  flowing  snow  (7)  is  equal  to  the  average  spe- 
cific weight  of  the  natural  snow  cover  (70). 

Mixed-Motion  Avalanches.— Field  observa- 
tions indicate  this  is  the  most  common  type  of 
avalanche  motion.  The  same  equations  should  be 
used  for  mixed-motion  as  for  flowing  avalanches. 
Schaerer  (1975a)  concluded  flow  height  just 
above  the  runout  zone  was  directly  related  to  aver- 
age depth  of  the  debris.  For  example,  h'  =  4  ho 
for  the  dense  flowing  part  of  this  type  of  ava- 
lanche, where  ho  is  the  average  depth  of  the  ava- 
lanche debris  in  meters.  In  this  case,  the  debris 
was  spread  over  a  wide  front  with  little  variation 
in  depth.  Earlier  he  had  observed  (Schaerer  1973) 
the  specific  weight  of  the  flowing  snow  in  mixed- 
motion  avalanches  to  be  approximately  30  per- 
cent of  the  specific  weight  of  the  deposited  snow. 


Powder  Avalanches.— Powder  avalanches  are 
produced  by  cold,  dry  snow  which  is  whirled  up 
into  an  aerosol  as  it  travels  downslope.  Naturally 
deposited  snow  in  the  channel  can  be  completely 
or  partially  carried  along  in  the  turbulent  flow. 
As  discussed  below,  the  amount  of  snow  in  the 
avalanche  track  can  have  a  significant  effect  on 
the  dynamics  of  powder  avalanches. 

Voellmy  indicates  that  air  entrainment  of  snow 
particles  is  possible  as  long  as  the  avalanche  ve- 
locity is  greater  than  about  twice  the  particle  fall 
velocity,  which  is  in  the  neighborhood  of  1  or  2 
m/s.  On  slopes  of  more  than  about  30°,  powder 
avalanches  can  form  from  slabs  or  loosened  snow 
after  the  velocity  exceeds  15  to  20  m/s. 

For  powder  avalanches,  the  terminal  velocity 
conforms  to  eq.  [2]  with: 


h'  =(7o/7)(h  +  hJ 


[9] 
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where 

h  a  =  the  height  (in  meters)  of  the  natural  layer 
of  snow  lying  in  front  of  and  under  the  ava- 
lanche, and  which  is  whirled  up  by  the  ava- 
lanche. 

Few  observations  of  the  flow  height  (h')  of  true 
powder  avalanches  are  available,  however. 

With  a  densely  packed  or  crusted  snowpack,  h  „ 
in  eq.  [9]  =  0.  In  many  cases,  h  „  =  h  if  the  natural 
snow  cover  in  the  avalanche  channel  consists  of 
dry  powder.  Powder  avalanches  can  form  when 
the  specific  weight  of  freshly  deposited  snow 
cover  is  less  than  approximately  150  kg/ml 

Voellmy  determined  that  at  terminal  velocity: 


7  = 


2g 


sin  \}/ 


[10] 


which  can  be  considered  as  a  first  approximation 
of  the  specific  weight  of  the  flowing  snow. 

Assuming  that  70/7  and  /z  are  negligible  in  eq. 
[1],  and  substituting  eqs.  [9]  and  [10]  results  in  the 
expression: 


V*  =  2g(h  +  h„)7„/ 


Ic 


[11] 
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for  a  wide  channel  (h'  =  R).  Eq.  [11]  states  that 
"if  the  slope  inclination  permits  a  disintegration 
of  the  snow,  the  velocity  of  powder  avalanches  is 
actually  not  dependent  upon  the  slope  inclina- 
tion ..."  (Voellmy  1955).  This  result  has  been  val- 
idated by  field  observations  (fig.  1),  and  applies 
only  to  high-speed  powder  avalanches. 

E 
held  together  by  the  surface  tension  of  the  free    '  > 
water  content  do  not  produce  significant  snow 
dust  clouds.  In  such  avalanches,  the  movement 


nninimum  value 
for  full-depth 
avalanches 
u  =  k  •  sin  1/' 


Figure  1.— Velocity  measurements  on  powder,  flowing,  and  gior^ 
full-depth  avalanches,  by  Dr.  M.  Oeschlin,  Canton  For-  Scfiaj 
ester  of  Uri,  Altdorf  (adapted  from  Voellmy  1 955).  kkt 


causes  densification  of  the  snow  rather  than  dis- 
integration and  suspension,  which  is  characteris- 
tic of  powder  avalanches.  A  full-depth  avalanche 
usually  results,  especially  when  wet  snow  is  re- 
leased, because  the  sliding  snow  usually  works  its 
way  through  the  underlying  snow  layer  to  the 
ground.  Considerable  debris  in  the  form  of  trees, 
rocks,  and  earth  is  often  carried  along.  A  straight- 
forward method  for  determining  the  flow  height 
of  full-depth  avalanches  is  not  available.  Accord- 
ing to  Voellmy  (1955),  the  flow  height,  h',  can  be 
approximated  by: 


h'  =  2.6  h 


[12] 


which  compares  with  an  estimate  of  h'  =  1.5  to  3 
hr),  where  h  d  is  the  depth  of  the  snow  in  the  ava- 
lanche debris,  as  proposed  by  Schaerer  (1975a). 

The  maximum  velocity  of  the  full-depth  ava- 
lanche is  calculated  by  eqs.  [lb]  or  [2]  with  y  =  jo- 

The  fundamental  correctness  of  eq.  [8]  has  been 
validated  by  field  studies,  which  indicate  that  the 
square  of  the  velocity  is  a  function  of  sin  4/  and  h 
fig.  2).  In  citing  early  observations,  Voellmy  sug- 
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(gure  2.— V  as  a  function  of  R(sin  \P  --r^cos  \P),  wtiere  R  is 

1 1  \he  tiydraujic  radius.  R  is  approximately  equal  to  h  (flow 
I  ideptti)  for  avalanches  on  open  slopes  or  gullies  10  h  or 
I  more    in    widtti.    Plotted    points    were    computed    by 

ISctiaerer  (1975a)  from  observations  at  Rogers   Pass, 

British  Columbia. 


gests  that,  for  ground  avalanches,  ^  =  500  and  fi 
=  0.075.  However,  recent  work  by  Schaerer 
(1975a),  although  based  on  limited  data,  indicates 
that  ^  can  be  higher  and  that  fi  varies  with  speed. 
According  to  Schaerer,  there  is  little  difference 
between  the  average  friction  coefficients  of  wet 
and  dry  snow  avalanches,  even  though  the  wet 
avalanches  are  slower  (fig.  2).  He  attributes  the 
low  speed  to  the  smaller  flow  depth  rather  than  to 
a  higher  friction  coefficient. 

Gradient  Changes.— The  theory  and  analysis  of 
gradually  varied  flow  (Chow  1959)  have  been  used 
to  compute  avalanche  profiles  on  complex  slopes. 
At  gradient  changes,  Voellmy  (1955)  proposed 
the  approximate  equation: 

V„/V„-i     =h'„-i/h;  =  (sin  ,AJsin;A  „-!)■''      [13] 

where 

\p„=  the  angle  of  the  upper  slope,  and 
)/'„-i  =  the  angle  of  the  lower  slope. 

Voellmy  suggests  that  eq.  [13]  is  valid  for  each 
succeeding  gradient  change  for  the  determination 
of  the  basic  flow  height.  Eq.  [13]  is  also  used  to 
compute  the  flow  height  in  the  runout  zone  where 
i/'m  is  the  gradient  of  the  runout  zone. 

It  should  be  noted  that,  for  small  values  of  \J/u, 
h'u  cannot  exceed  the  velocity  head,  VV2g. 
Voellmy  points  out  that,  at  a  gradient  change,  the 
transition  distance  required  to  reach  normal 
depth  is  less  than  the  distance  given  by  eq.  [4]  to 
approach  terminal  velocity  in  a  given  reach. 


Velocity  Distribution.— Voellmy  has  expressed 
the  velocity  distribution  by  the  following  para- 
bolic equation: 


V  =V[4/3-(z/h')^] 


[14] 


where  V  is  the  velocity  at  the  depth,  z,  below  the 
surface  of  all  but  powder  avalanches.  For  the  case 
of  powder  avalanches,  the  ordinate  in  eq.  [14]  is 
measured  above  and  below  one-half  of  the  flow 
height.  Tochon-Danguy  and  Hopfinger  (1975)  ob- 
served the  velocity  distribution  by  laboratory  ex- 
periments. Their  work  verified  the  form  of  eq.  [14] 
with  an  associated  backflow  in  the  ambient  air 
(fig.  3).  Equation  [14]  has  a  significant  effect  on 
the  thrust  pressure  of  avalanches  as  discussed 
later. 


Hard  pocked  snow 
or  ground 

Powder  snow  cover 


Figure  3.— Velocity  distribution  in  a  laboratory  simulation 
of  a  powder  avalanche  (modified  from  Toclion-Danguy 
and  Hopfinger  1975). 


Avalanche  Winds 

The  previous  flow  equations  and  field  observa- 
tions indicate  that  powder  avalanches  can  reach 
extremely  high  velocities  (Voellmy  1955,  Mar- 
tinelli  and  Davidson  1966).  This  phenomenon  has 
generated  conflicting  opinions  as  to  the  possibil- 
ity of  a  propagated  shock  wave  associated  with 
high-velocity  avalanches  (Briukhanov  et  al. 
1967).  However,  convincing  arguments  have  been 
presented  which  show  that  shock  is  not  a  signifi- 
cant factor  in  avalanche  dynamics  (Voellmy  1955, 
Mellor  1968,  Shen  and  Roper  1970). 

Mellor  (1968)  has  assumed  that  the  flow  of  air 
around  the  avalanche  front  is  incompressible  and 
irrotational.  Accordingly,  it  is  possible  to  draw  a 
flow  net  with  streamlines  and  equipotential  lines 
as  shown  in  figure  4.  If  it  is  assumed  that  ava- 
lanche speed  varies  from  50  to  125  m/s,  then  Mel- 
lor (1968)  suggested  that  the  dynamic  pressure  is 
great  enough 

...  to  damage  or  destroy  lighter  structures 
when  air  velocity,  Ua, exceeds  about  0.5  U/ 
(avalanche  front  velocity)  for  the  slower 
powder  avalanches  and  about  0.2  u/for  the 
fastest  powder  avalanches.  These  air  veloci- 
ties can  be  expected  at  about  1.25  h'  and  0.5 
h'  ahead  of  the  avalanche  front,  respectively, 
where  the  flow  height,  h',  may  be  in  the 
range  of  10  to  100  m  for  major  powder  ava- 
lanches. Thus,  we  have  an  explanation  for 
the  observation  that  structures  sometimes 


disintegrate    before    the    avalanche    itself 
strikes  them. 

Mellor  has  also  pointed  out  that  air  velocities, 
gusting,  and  shear  forces  alongside  large  ava- 
lanches can  be  destructively  high  due  to  the  steep 
lateral  velocity  gradients.  He  has  argued  that  the 
"bow  wave"  proposed  in  the  Russian  Hterature 
(Briukhanov  et  al.  1967)  cannot  produce  true 
shocks  and  "it  therefore  seems  unprofitable  to 
speculate  further  on  shock-producing  mechan- 
isms until  the  existence  of  shocks  has  been 
proven." 

Mellor  attributes  the  travel  of  avalanche  winds, 
after  an  avalanche  stops  or  has  been  deflected,  to 
the  inertia  of  the  moving  airmass.  The  rushing  air 
will  continue  traveUng  in  a  straight  Une  until  it 
has  dissipated  its  kinetic  energy  by  boundary  \ 
shear,  frontal  resistance,  and  diffusion.  His  equa- 1 
tion  for  the  deceleration  of  the  air  parcel  is  given  t 
by: 


-5  X  10-^u»^^  =  H* 


du, 


dt 


l/2o    Uf 
^0     f 


05h  h  I  5h 

Distance  ahead  of  avalanche  front 


Figure  4.— Approximate  distribution  of  velocity  and  pres 
sure  in  air  near  ground  level  ahead  of  an  avalanche  (Iron 
Mellor  1968). 
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and  the  elapsed  time  for  deceleration  from  u  ^i  to 

U  w2  3S 


t  = 


H^ 


5  X  10"^  V  Uwi 


1 


where 

u  w    =  the  wind  velocity  toward  the  center  of  the 

parcel  of  moving  air,  and 
H*    =  the  mean  height. 

Mellor  points  out  that  winds  that  precede  the 
avalanches  are  sufficient  to  entrain  snow  parti- 
cles from  the  surface  "at  distances  of  1  to  2  h' 
ahead  of  the  avalanche  front."  This  can  be  veri- 
fied by  figure  4,  if  it  is  considered  that  winds  ex- 
ceeding 7  to  10  m/s  are  sufficient  to  entrain  snow. 


Moreover,  observations  of  snow  plastered  to 
great  heights  on  trees  subjected  to  "air  blast"  is 
physical  evidence  of  entrained  snow  (fig.  5). 

Entrained  snow  associated  with  airborne  ava- 
lanches behaves  almost  the  same  way  as  a  fluid 
(Mellor  1968).  Accordingly,  equations  for  fluid  re- 
sistance apply.  When  airborne  snow  strikes  a  teJl 
obstacle,  two  tj^jes  of  drag  must  be  considered: 
(1)  shear  drag,  which  is  caused  by  tangential 
shear  along  the  boundary,  and  (2)  pressure  or 
form  drag,  which  is  caused  by  the  pressure  ap- 
plied normal  to  the  surface  of  the  boundary. 
When  a  flat  plate  or  disk  is  oriented  with  the  flow, 
shear  drag  results;  when  it  is  placed  normal  to  the 
flow,  pressure  drag  results.  Most  submerged  ob- 
jects are  subjected  to  both  pressure  and  shear 
drag.  It  is  possible  to  estimate  the  impact  loading 
on  an  obstacle  immersed  in  the  snow  cloud  by  the 
equation: 


gure  5.— Snow  plastered  on  tree  by  an  avalanche  that  ran  the  day  before.  (Parry  Peak  Avalanche,  Twin  Lakes,  Colorado) 
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Fn  = 


2i 


H  =  Z '  + 


where 

Fd      =  the  drag  force  on  the  obstacle,  in  kg, 

Cd      =  a  dimensionless  drag  coefficient  (Albert- 
son  etal.  1960), 

A        =  the  projected  cross-sectioned  area,  in  m^ 

fe       =  the  effective  specific  weight  of  the  air/ 
snow  mixture,  in  kg/m',  and 

V        =  the  velocity  of  the  air/snow  mixture,  in 
m/s. 

According  to  Mellor  (1968)  the  effective  specific 
weight  of  the  avalanche  "fluid,"  ye,  can  be 
computed  by  the  equation: 


7e  =  75  +   ya- 


7a7j 

7i 


where 

7  a     =  the  specific  weight  of  the  air  (approx.  1.25 
kg/m»), 

7,      =  the  specific  weight  of  ice  (approx.  917 
kg/m*),  and 

7  a      =  the  specific  weight  of  snow. 


Aerodynamic  loading  produced  by  airborne 
snow  also  causes  lift  forces  on  submerged  objects. 
The  lift  force  can  be  calculated  by  the  equation: 


F.= 


2g 


where  Cl  is  the  coefficient  of  lift. 


Damming  and  Pressure  Effects 

If  it  is  assumed  that  frictional  effects  eire  negU- 
gible  in  the  short  distance  needed  for  the  ava- 
lanche to  come  to  rest  in  the  runout  zone,  then  the 
total  energy  expended  can  be  determined  from 
the  familiar  Bernoulli  Equation: 


JPo 


Po   +P* 

2g     7       dp/7 


(15] 


where 
Z 


/ 


Po  +  p* 

dp/7 


Po 


1*  = 


p"  =7Z 


H 


=  the  height  in  meters  above  some 
reference  datum, 


=  the  pressure  head,  which  is  de- 
pendent upon  the  compressibil- 
ity of  the  snow  above  the  refer- 
ence pressure  head,  Po, 

=  the  specific  pressure  at  the  point 
being  considered  at  a  depth,  z, 
below  the  surface  of  the  ava- 
lanche, and 

=  the  total  energy  head,  in  meters. 


When  a  powder  avalanche  runs  out  onto  level 
terrain  (^^  -♦  0),  eqs.  [2]  and  [9]  show  that  7  can 
become  extremely  small  and  h'  extremely  large. 
Downstream  from  this  point,  the  avalanche 
rapidly  loses  its  kinetic  energy,  which  produces 
an  increase  in  pressure  and  an  associated  com- 
pression of  the  snow  to  an  extremely  high  specific 
weight.  It  is  assumed  that  "this  dynamic  elastic 
compression  is  hmited  chiefly  by  the  compressi- 
bility of  the  air  in  the  voids;  and  that  the  ice  crys- 
tal framework  gives  only  slight  compression; 
while  the  compressibility  of  the  ice  itself  is  negli- 
gible" (Voellmy  1955). 

The  air  in  the  voids  is  not  completely  expelled 
during  compression.  For  flowing  avalanches  ol 
coarse-grained  dry  snow,  the  maximum  specific 
weight  (7/)  does  not  exceed  approximately  60( 
kg/m',  whereas  for  wet  snow,  7/  can  approacl 
1000  kg/m^  An  average  value  of  7/  for  flowing 
avalanche  is  approximately  800  kg/m'  (Voellmj 
1955).  Voellmy  assumes  that  the  compression  0 
air  in  the  voids  can  be  considered  as  an  isotherma 
thermodynamic  process,  since  the  heat  developec 
is  immediately  absorbed  by  the  snow.  Under  thi; 
dynamic  overpressure,  p  a  (greater  than  p  o  = 
atmosphere),  the  specific  weight  of  the  snow  i 
given  by: 

Id  =  7o(l  +  Pd/Po)  /  [1  +  (7oPd/7/Po)]  (If 

where 

7d  =  the  specific  weight  as  a  result  of  dynami 
compression  by  the  pressure  p  j  over  atm( 
spheric  pressure,  p  o  =  10,000  kglm\ 
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The  average  specific  weight  during  compres- 
sion is  given  by: 


=  (7o  +  7d)/2 

^    7o  +  (7o/2)(l+7o/7/)Pd/p. 
(1  +7oPd/7/Po) 


[17] 


Voellmy  states  that  the  static  compressibility 
of  snow  depends  on  the  magnitude  and  duration 
of  the  pressure,  the  character  of  the  snow,  and  de- 
gree of  metamorphism.  He  suggests  that  "com- 
pression of  the  air  in  the  pores  first  brought  about 
by  the  pressure,  is  equalized  during  settlement  of 
the  snow  material.  Then  without  altering  the  set- 
tlement which  has  taken  place,  the  air  in  the  pores 
escapes." 

Hence, 


ymax  =  bo  +  7/(Pd/Po)]/(l  +  Pd/Po) 


[18] 


where 


7  max  =the  maximum  specific  weight  after 
compression  by  the  overpressure  pd 
above  atmospheric  pressure  Po. 

Rapid  compression  of  snow  can  cause  notice- 
able heating  of  air  in  the  pores.  Voellmy  notes 
that  the  maximum  value  of  the  absolute  tempera- 
ture can  be  expressed  as: 


T  =  To(l+pd/pJ 


{x-l)/x 


[19] 


in  which 

T  =  temperature    after    compression    and 

with  no  heat  flow,  °K, 

=  initial  temperature,  °K,  and 

=  Cp/c,=  1.4(forAQ  =  0). 


vhere 
:pand 


^Q 


=  the  specific  heat  of  air  constant  pres- 
sure and  constant  volume  respectively, 
and 

=  the  amount  of  heat  transfer  in  the  sys- 
tem. 


>n  the  average  and  for  the  pressures  involved, 

jj,|j    jlis  process  seldom  heats  the  snow  more  than 

jj(    \5°C.  The  initial  heating  and  subsequent  cooling 

u     f  the  air  in  the  voids,  however,  contributes  to 


metamorphism  of  the  snow  and  results  in  surface 
melting  of  the  ice  crystals  and  sudden  refreezing. 
This  phenomenon  accounts  for  the  "freezing  in" 
of  objects  (and  people)  caught  up  in  the  ava- 
lanche. According  to  Voellmy,  the  heat  from  fric- 
tion and  compression  is  given  by: 


W  =  (7-7a) 


H 

427 


[20] 


where 

W    =Kcal/m\and 

H     =  the  total  energy  head  given  by  eq.  [15]. 

If  the  temperature  of  the  snow  is  below  0°C, 
some  of  the  heat  given  by  eq.  [20]  will  be  used  to 
satisfy  the  energy  deficit  or  "cold  content"  of  the 
snowpack,  which  must  be  brought  up  to  0°C  be- 
fore appreciable  surface  melting  can  take  place. 

Voellmy  states  that  eq.  [18]  is  the  basic  equa- 
tion for  computing  the  "damming"  height  in  the 
runout  zone,  while  eq.  [17]  is  used  in  calculating 
the  dynamic  pressure  effects.  He  further  states 
that  eq.  [18]  will  yield  a  conservative  estimate  for 
powder  avalanches,  since  in  reality  specific 
weights  may  be  somewhat  less  due  to  deposition 
of  part  of  the  snow  by  sedimentation. 


Runout  Distances 

As  the  avalanche  reaches  the  runout  zone,  the 
diminishing  slope  inclination  causes  the  flow 
height  to  increase  according  to  eq.  [13].  The  ava- 
lanche comes  to  rest  according  to  eq.  [15],  when 
the  flow  height  plus  the  pressure  head  is  equiva- 
lent to  the  total  energy  head,  H.  The  place  where 
the  avalanche  comes  to  rest  is  of  primary  concern 
to  man  and  his  activities. 

By  assuming  that  the  kinetic  energy  is  trans- 
formed into:  (a)  potential  energy,  (b)  frictional 
work,  (c)  flow  work,  and  (d)  particle  resistance, 
Voellmy  developed  the  following  equation  for  the 
runout  distance: 

s  =  VV[2g(M  cos  lAu  -  tan  ^PJ  +  V^^h^]         [21] 

where 

s      =  runout  distance  in  meters  measured  from 
the  break  in  the  gradient,  and 

h^  =  h'  +  VV4g  when  the  debris  is  piled  into  a 
short,  steep  cone. 
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Velocity  is  assumed  to  diminish  uniformly  to 
zero  in  the  runout  zone.  Hence,  the  average  veloc- 
ity is  V/2  and  its  kinetic  energy  is  W4g. 

Equation  [21]  is  a  simplistic  approach  that  does 
not  explain  the  complex  flow  regime  in  the  runout 
zone.  For  example,  the  equation  is  sensitive  to  /x, 
^,  and  h^.  Certainly,  /x  and  ^  are  different  in  the 
runout  zone  than  in  the  track,  but  we  have  no 
good  data  on  their  runout  zone  values.  Also,  the 
approximation  of  h '+  VV4g  for  h^  is  true  only 
when  the  debris  is  piled  in  a  short,  steep  cone. 

In  spite  of  these  problems,  equation  [21]  is  use- 
ful for  land  use  planning  because  it  gives  an  esti- 
mate of  the  extent  of  the  avalanche.  Different 
workers  use  the  equation  in  different  ways.  Some 
European  workers  prefer  to  keep  ^  between  400 
and  600  m/s^  for  all  avalanches.  In  this  case,  ^ 
must  be  adjusted  according  to  conditions  in  the 
track  and  runout  zone  to  get  reasonable  results. 
Other  workers  prefer  to  use  h'  or  something  be- 
tween h'  and  h^  in  place  of  h^,  and  often  select  a 
different  value  for  ^  in  the  runout  zone  than  that 
used  in  the  track.  Mears  (1976)  emphasizes  the 
desirability  of  seeking  field  evidence  of  flow 
height  and  avalanche  damage  so  it  can  be  used  to 
make  an  independent  estimate  of  avalanche  ve- 
locity and  impact  forces. 

The  approach  followed  in  Part  II  of  this  paper 
is  to  use  5/V  for  /x,  select  an  average  value  of  ^  for 
the  entire  track  based  on  terrain  and  snow  condi- 
tions, use  h^  =  h'  +  VV4g  in  the  runout  equation 
[21],  and  use  equation  [13]  to  estimate  velocity 
and  flow  heights  in  the  various  parts  of  the  path 
based  on  track  gradient. 

In  eq.  [21],  the  slope,  )/'„  is  an  extremely  sensi- 
tive parameter  which  may  be  positive  or  nega- 
tive. Hence,  for  an  adverse  gradient  (Sommer- 
halder  1966): 

s  =  VV[2g(M  cos  ^P^  +  tan  ,A. )  +  V^g/^h^]        [21a] 

Voellmy  notes  that  if  the  term  in  parentheses  in 
the  denominator  of  eq.  [21]  is  >  0,  the  avalanche 
comes  to  rest  on  the  valley  floor.  If  the  term  in 
parentheses  is  <  0,  the  avalanche  does  not  come 
to  rest  in  that  section  of  the  track  or  runout  zone. 
In  this  case: 

sinV'u5:(l/2M)[(l+4MT''-l] 

for  small  values  of  V,  or 

tan  yPu  ^  V^g  /^(2hog  +  V^)  for  /x  =  0. 


In  the  above  situation,  Voellmy  states  that  eq. 
[21]  for  s  is  approximately  equal  to  the  transition 
distance  for  uniform  flow  where  the  new  flow 
height  is  given  by  eq.  [13].  Thus: 

s  „  =  (V?,  -  Vi)  /2g(|i  cos  \pu  -  tan  ^PJ 

where 

Vo    =  velocity  in  a  part  of  the  track  that  is  above 
a  more  gently  sloping  part,  and 

Vm   =  velocity  in  the  more  gently  sloping  part  of 
the  track  or  runout  zone. 

For  Su  <   1.  in  subcritical  flow,  a  "backwater" 
curve  can  develop  on  the  upper  slope.  If  the  flow> 
is  supercritical,  a  sudden  change  in  height  or  "hy- 
draulic jump"  can  develop  in  the  vicinity  of  the' 
change  in  gradient. 

Damming  Effects 

When  the  avalanche  loses  its  kinetic  energy  in 
the  runout  zone,  the  snow  theoretically  is  de- 
posited in  a  conelike  configuration  with  an  as- 
sumed maximum  height  of 

hmax  =  ho  +  Ah 
where 

ho    =  flow  height  in  that  section  of  the  track  justs 
uphill  from  the  runout  zone,  and 


'   1 


Ah    =Vf 

This  dimension  is  called  the  "damming  height^' 
by  Voellmy,  and  is  expressed  as: 

H'  =  h'  [1  +  (27oV^)  /gh'7^„J"^        [22] 

^^^  H'    =(yjyrr,a.)iy'/2g  +  h') 

Because  the  height  of  the  deposited  snow  is  de- 
creased in  the  runout  zone,  by  lateral  expansion, 
eq.  [22]  will  overestimate  the  damming  height.^  li     t 
the  maximum  cross  section  of  the  deposition  cone 
is  geometrically  similar  to  the  flow  cross  section 


^The  reader  is  cautioned  that  equation  [22]  can  greatl 
overestimate  the  height  of  deposition.  In  most  cases,  ih 
topography  allows  the  snow  to  expand  in  a  lateral  direc 
tion,  thus  distributing  it  across  a  much  broader  front  tha 
assumed  by  equation  [22].  Studies  by  Schaerer  (1975c 
showed  that  debris  deposited  in  the  runout  was  less  tha 
the  flow  height  (h'j  in  those  cases  where  topography  a 
lowed  lateral  spreading  and  uniform  deposition. 
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of  the  avalanche  channel,  then  Voellmy  suggests 
that: 

H'  =h'[l+(2  7oV^)/gh'7^a,]"^ 

which  can  result  in  damming  heights  approxi- 
mately 30  percent  less  than  computed  by  eq.  [22]. 


Thrust  Effects 

Thrust  effects  are  reviewed  in  some  detail  in 
order  to  provide  the  engineer  with  an  adequate 
range  of  alternatives  for  design. 

The  specific  thrust  pressure  is  given  by: 

p  =  7^(h'  +Vy2g)  =  7^H=7^axH'     [23] 

where 

ym,ymax,  and  H '  are  given  by  equations  [17],  [18], 

and  [22],  respectively. 

The  expression  for  H  in  equation  [23]  is  given 
by: 

H  =  h'  +(Vy2g)[l-(V„M'] 


[23a] 


where 

Vu  >  0  =  final  velocity. 


By     combining     the     foregoing     equations, 
Voellmy  developed  the  expression: 

p  =  7^  j  [(q/2)^  +  H  P0/7/]'"  -  q/2  j         [24] 

where 

jq  =  Po/7-(H/2)(l+7/7/) 

The  maximum  possible  thrust  pressure  is  given 
by  the  equation: 


Pma:c  =  7m(h'    +  V^g) 


[25] 


provided  that  the  snow  undergoes  inelastic  im- 
pact onto  the  obstacle  without  overflowing, 
damming  up,  or  moving  laterally  around  the  ob- 
stacle. Equation  [25]  results  in  a  highly  conserva- 
tive estimate  of  avalanche  impact.  Perhaps  a 
Tiore  reasonable  approximation  is  the  specific 
hrust  pressure  given  by  equation  [24]  since  most 


igure  6.— Avalanche  impact  pressure  on  a  wide,  rigid  ob- 
stacle (Mellor  1968).  The  plotted  points  were  calculated 
by  Gongadze  (1954),  assuming  a  constant  value,  y^,  of 
650  kg/m^  The  parameter,  7,,  is  the  specific  weight  of  the 
flowing  snow  prior  to  encountering  the  obstacle. 


structures  would  probably  not  be  required  to  ab- 
sorb all  of  the  kinetic  energy  of  a  given  avalanche 
because  much  of  the  snow  would  flow  around  the 
ends  or  over  the  top  of  an  obstacle.  Equation  [24] 
is  used  in  the  case  studies  of  Part  II. 

It  should  be  noted  here  that  other  investigators 
have  also  studied  avedanche  impacts.  For  ex- 
ample, Mellor  (1968)  developed  the  following 
equation  for  the  impact  pressure  imparted  to  an 
obstacle: 


_       7i72 


g  g      ^  72  -  7i  / 


Ap  = 

72-71  g  g 

where 

u,       =  avalanche  velocity,  in  m/s, 

7i       =  specific  weight  of  flowing  snow  while  still 
undisturbed,  in  kg/m',  and 

72       =  specific  weight  of  the  snow  after  encoun- 
tering the  obstacle,  in  kg/m'. 

Mellor  (1968)  suggested  that  errors  in  estimat- 
ing 72  up  to  15  percent  have  no  significant  effect 
on  the  calculation  of  Ap  since  7,  is  normally  less 
than  300  kg/m'  and  72  always  exceeds  550  kg/m\ 
Generally,  72  will  He  in  the  range  of  550  to  750 
kg/m'.  Mellor  suggested  that  650  kg/m'  is  per- 
haps a  reasonable  estimate  for  72.  Figure  6  was 
taken  from  Mellor  (1968)  to  show  maximum 
thrust  pressures  on  an  unyielding  large  obstacle 
for  various  specific  weights  of  flowing  snow,  as- 
suming a  constant  value  of  650  kg/m'  for  72. 


10        20       30       40       50 
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Other  significant  studies  of  avalanche  impacts  in- 
clude those  made  by  Furukawa  (1957),  Mat- 
viyenko  (1968),  Gongadze  (1954),  and  Shoda 
(1966). 

Schaerer  (1973)  has  probably  made  the  most 
field  observations  of  impact  pressures,  using  load 
cells  mounted  in  the  avalanche  track.  His  ob- 
served peak  specific  pressures  produced  by  dense 
flowing  snow  agree  with  pressures  calculated  by 
the  equation: 


Pmax=-7TZ    7. 


2g 


where 

V     =  the  speed  of  the  avalanche  front,  and 
7„    =  the  specific  weight  of  the  deposited  snow  in 
the  runout  zone. 

Schaerer  found  that  average  pressures  were  ap- 
proximately 30  percent  of  the  peak  due  to  varia- 
tions in  particle  size  and  specific  weight,  which 
caused  extreme  fluctuations  in  measured  pres- 
sures. Observed  pressures  varied  from  2,447  to 
44,346  kg/m^  for  eight  events  from  1970  to  1972. 
Dense  blocks  of  snow  produced  the  series  of 
peaks  for  the  avalanche  in  figure  7  (Schaerer 
1973),  whereas  airborne  snow  caused  the  lower 
pressures. 


PEAK   PRESSURE,  p 


TIME.    SECONDS 


lowing  more  general  expression   for  the  total 
energy  head  results: 


H  =  h'  +  (Vy2g)  [1  -  (V,/V)^  (1  -  sin  0)] 


[27] 


which  can  be  substituted  into  eqs.  [23]  and  [24]  for 
computing  the  specific  thrust  pressure. 

The  total  force  per  unit  length  on  a  circular  cyl- 
inder of  radius  r  is: 


P  =  (7r/2)(r7  VV2g) 


[28] 


Figure     7.— Variation     of     avalanche     impact     pressure 
(Schaerer  1973). 


An  obstacle  of  width  b,  in  the  path  of  an  ava- 
lanche of  width  B,  causes  a  loss  of  energy  given 
by: 


P=  bh7  —  =  Bh(7/g)(AV)V  [29] 

2g 

where  AV  =  Vb/2B 


Suction  Effects 

Voellmy  points  out  that  suction  effects  result 
ing  from  powder  avalanches  are  explainable  as 
eddy  effects.  Although  avalanches  entrain  som( 
air,  the  velocity  of  incoming  air  seldom  reaches  t 
percent  of  the  avalanche  velocity.  Suction  pres 
sures  are  possible  behind  small  obstacles  com 
pletely  overrun  by  powder  avalanches  moving  al 
high  velocity.  The  maximum  negative  pressure  h 
given  by: 

P,-,  =7aVV2g 

where 

p,-,  <  1/10  atmosphere. 


If  the  avalanche  impinges  upon  a  surface  in- 
chned  at  an  angle  0  to  the  flow,  then: 


V*     . 
P/3  =  7u  -^  sm/3 


[26] 


Voellmy  points  out  that  eq.  [26]  applies  to  the 
specific  resistance  of  an  inclined  surface  (referred 
to  the  projection  in  the  flow  direction),  since  this 
equation  agrees  with  observations  more  favor- 
ably than  "with  the  complicated  results  of  the 
flow  theory."  From  eq.  [15]  and  eq.  [25],  the  fol- 


Thrust  and  Uplift 

Uplift  and  thrust  are  associated  with  dammin  ; 
and  can  load  a  structure  in  any  direction.  Tl( 
snow  is  deflected  immediately  on  impact  with  i 
minimal  effect  on  velocity  and  friction.  Wide  av  i 
lanches  colliding  with  large  obstacles  are  dan 
med  up  in  accordance  with  eq.  [22]  to  the  dan 
ming  height  li»ym/ymax-  The  vertical  velocity  ' 
the  height  h*  is  given  by: 


u  =  [2g(H  -  h*)]"^ 


[3 
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The  specific  upward  pressure  on  projecting  sur- 
faces is: 


Pv  =  7majcU'/2g 


[32] 


where  -^max  is  determined  from  eq  [18].  The  unit 
uplift  force  on  vertical  wall  surfaces  is  given  by 
the  equation: 


Rv  =  p/i 


[33] 


where 

Rv,   =  the  uplift  per  square  meter  of  wall  surface, 


and 

=  7ma:r/1000      tO      7, 

Voellmy. 


c/2000,    according    to 


Voellmy  points  out  that  eqs.  [32]  and  [33]  are  im- 
portant in  that  "the  vertical  forces  cause  much  of 
the  severe  destruction  since  most  structures  in 
avalanche-prone  areas  are  not  designed  to  with- 
I  stand  uplift." 

In  terrain  that  descends  in  the  direction  of  flow, 
a  downward  component  of  thrust  and  friction 
forces  can  occur.  Voellmy  suggests  that  total  dy- 


namic thrust  per  meter  of  width  on  a  horizontal 
roof  overrun  by  an  avalanche  is: 


P//  =  7h'  (h'  /2  +  VVg)  tan  ;^/2 


[34] 


The  pressure  distribution  on  the  roof  is  such  that 
neither  the  specific  damming  pressure  (eq.  26  ) 
nor  the  static  damming  pressure  at  the  level 
being  considered  is  exceeded.  In  addition,  when  a 
structure  is  overrun,  the  weight  of  the  snow 
(7h'„)  as  well  as  the  frictional  forces  caused  by 
the  moving  snow  [\iri\\' u)  should  also  be  con- 
sidered. 

Debris  Entrained  in  Avalanches 

In  addition  to  impact  loadings  from  the  snow  it- 
self, the  dynamic  effects  of  debris  such  as  rocks, 
trees,  and  ice  fragments  entrained  in  avalanches 
should  also  be  considered.  Avalanches  will  pick 
up  debris  as  soon  as  the  thrust  force,  including 
uplift,  renders  this  material  unstable.  Modes  of 
transport  can  include  saltation  or  sliding.  The 
work  expended  by  the  avalanche  in  entrainment 
of  debris  is  negligible  for  all  practical  purposes. 
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PART  II.   FIELD  VERIFICATION 


The  equations  summarized  in  Part  I  are  based 
on  technically  sound  engineering  principles.  With 
careful  judgment,  they  can  be  used  to  provide  a 
logical  basis  for  evaluating  avalanche  hazards. 

Even  though  more  field  data  are  needed  to  im- 
prove the  equations,  enough  information  has  been 
collected  to  provide  examples  that  can  be  used  to 
show  how  to  apply  several  of  the  equations  in 
Part  I.  Data  were  obtained  from  Frutiger  (1964), 
Gallagher  (1967,  Williams  (1975),  and  field  obser- 
vations. 

Twelve  avalanche  paths  in  Colorado  were  se- 
lected for  study.  Although  the  data  are  Hmited, 
they  constitute  a  representative  sample  of  ava- 
lanche problems  pertinent  to  land  use.  We  did  not 
attempt  to  completely  analyze  the  avalanches, 
nor  to  evaluate  them  according  to  a  detailed  fre- 
quency classification. 

Our  objective  in  this  part  of  the  report  was  to 
utilize  as  much  field  data  as  possible  to  test  the 
suitability  of  the  primary  equations  summarized 


in  Part  I.  It  should  be  emphasized  that  a  more 
comprehensive  engineering  study,  including  a 
careful  frequency  analysis  of  avalanche  hazards, 
should  be  made  prior  to  any  final  determination 
of  runout  distances,  impact  forces,  and  other  per- 
tinent engineering  data. 

The  12  avalanche  paths  analyzed  in  Part  II  are 
discussed  in  terms  of  the  avalanche  classification 
system  used  by  Frutiger  (1964),  which  designates 
size  as  small  (starting  zone  less  than  7  acres), 
medium  (starting  zone  7  to  30  acres),  or  large 
(starting  zone  more  than  30  acres).  It  also  desig- 
nates the  frequency  with  which  the  avalanche 
runs  to  the  highway  as  frequent  (into  the  road  one 
or  more  times  per  winter),  occasional  (into  road 
once  each  3  to  6  years),  or  erratic  (into  the  road  no 
more  than  once  each  7  to  10  years).  The  frequency 
classifications  used  in  the  following  sections  are 
based  on  short  periods  of  record,  and  may  be 
modified  as  more  information  accumulates. 


Avalanches  in  Colorado 
included  in  case  studies 

1  Dam 

2  Jones  Brothers  No.  5 

3  Stanley 

4  Seven  Sisters  No.  3 

5  Seven  Sisters  No.  7 

6  Little  Professor 

7  Pallavicini 

8  Timber  Falls 

9  Parry  Peak— Gordon  Gulch 

10  Hematite  Gulch 

11  Battleship 

12  Ironton  Park 


Colorado  Springs 


Pueblo 


Walsenburg 


Durango 
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Case  Study  No.  1 — Dam  Avalanche 
U.S.  Highway  40,  south  of  Berthoud  Pass,  Colorado 


Location 

Front    Range;    northeast    slope    of   the   east 
shoulder  of  Engelmann  Peak. 

Catchment  Basin 
A  V-shaped  depression  in  the  slope;  above  and 
below  timberline;  11,800-10,800  ft  (3597-3292 
m)  m.s.l.;  50  acres  (20  ha). 

Track 
Gully;  vertical  drop,  2,120  ft  (646  m);  length, 
3,600  ft  (1097  m);  average  slope,  59  percent. 

Runout  Zone 
Lower  section  of  gully.  Clear  Creek  valley  bot- 
tom, and  opposite  slope  where  highway  lies. 
Highway  is  40  ft  (12  m)  above  Clear  Creek  and 


200  ft  (61  m)  away  from  it.  Runout  zone  in 
lower  section  of  gully;  approximate  length, 
1,500  ft  (457  m).  Usually  avalanches  stop  on 
this  gentle  section  or  in  bed  of  Clear  Creek. 
Large  avalanches,  however,  reach  highway  and 
beyond. 

Avalanches 

Avalanche,  shot  down  April  8,  1957,  crossed 
the  highway;  killed  two  men.  Most  avalanches 
stop  before  reaching  the  creek. 

Classification 

Large-erratic.  This  avalanche  has  not  reached 
the  highway  since  1957. 


'  ^  *^^^^' 
-^-^^r-^^^ 
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CALCULATIONS 

Assumptions: 

^  =  1200  m/s^ 
7a  =  1.25  kg/m' 
7  =  150kg/m' 
7o=  150kg/m' 
7/  =  800  kg/m^ 
h'  =  2.5m 

Longitudinal  Profile: 

Reach  Description 


Slope  angle 


Main  track 

Runout 

Runout 


Flow  Height  [Eq.  13]: 
Reach  h' 


31°iAi 
-20°i/'3 


Calculations 


(m) 
2.5 
2.8 


Assumed 
sin  31 


h;   _[  si 
2.5      L"im2T 

Terminal  Velocity  [Eqs.  Iband  13J: 


Reach      V„ 


Calculations 


(m/s) 
34.0 


30.1 


V?  =  1200  X  2.5  {l-h^  ] 
150  ' 


sin  31°-^ cos  31' 


V^     _  /sin21°\''^ 
34D    ~ 


sin  31° 
V^  =  (34)1.8861) 

lead /Eg.  23a,  with  F„  =  OJ: 

=  2.8  +  30.P/  2(10)  [l  -  ^^)  n 


H  =  48.1  m 


Specific  Thrust  Pressure  fEq.  24]: 

p  ^  800{  [(q/2)^  +    48iAm00g]  •-    _  q/g 
where 


„  _     10.000      [48.1 
^~       150         L  2  , 


1  +    Ml  =38.1 


800 


\= 


p  =  800  }[(^)'  +  6OI.2]  "'  -(^)|  =  800  xl2 


p  s  9,600  kg/m^ 


Maximum  Specif ic  Weight  [Eq.  18]: 


Tmoj  =  468kg/m' 


Runout  Distance  [Eq.  21a]: 


s  = 


J3aij 


20   [^    X  cos  20°  + tan  20°]+ i^?^^ 


where 
h„=h'  + 


4g 


h„  =  2.8+    -^^^^  =25.45 


s  =  85  m 


Discussion 

The  Dam  slide  was  shot  down  April  8,  1957.  It 
overran  the  highway  without  depositing  snow  in 
Clear  Creek.  Approximately  9.2  m  of  snow  was 
dammed  up  against  the  cutbank,  located  some  90 
m  upslope  from  the  valley  bottom. 
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Case  Study  No.  2 — Jones  Brothers   No.  5  Avalanche 
West  of  U.S.  Highway  40,  near  Jones  Pass,  Colorado 


Location 

Front  Range;  southern  flank  of  Stanley  Moun- 
tain; 0.65  mi  (1.1  km)  west  of  U.S.  Highway  40 
along  County  Road  up  West  Fork  of  Clear 
Creek  toward  Jones  Pass. 

Catchment  Basin 

Small  depression  about  timberline;  11,800- 
11,200  ft  (3597-3414  m)  m.s.l.;  6  acres  (2.5  ha). 


Track 

Narrow  crooked  slot  down  timbered  slope;  ver 

tical  drop  1,100  ft  (335  m);  length  1,800  ft  (55( 

m). 
Runout  Zone 

Lower  slope  and  flat  valley  of  West  Fork  Cleai 

Creek. 
Classification 

Medium-frequent. 
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CALCULATIONS 


Assumptions: 

^    =  1400  m/s' 
7   =    200kg/m' 
7o  =    200  kg/m' 
y  =    800  kg/m=' 

Longitudinal  Profile: 


Reach 


Description 


Slope  angle 


Main  track 
Track 
Runout 
Runout 


24° 

20° 

13° 

3° 


Flow  Height  [Eg.  13]: 
Reach         h ' 


(m) 
2.0 
2.1 
2.4 


Terminal  Velocity  [Eg.  lb  and  13]: 
Reach         V„,„r 


(m/s) 
24.9 
23.5 
20.5 


Head /Eg.  23a,  with  F„  =  0]: 
H  =  23.4  m 

Specific  Thrust  Pressure  [Eg.  24]: 

p  =  5536  kg/m^ 

Maximum  Specif ic  Weight  [Eg.  18]: 

7max  =  414kg/m^ 

Runout  Distance  [Eg.  21]: 

s  =  103  m 

Discussion 

The  avalanche  of  January  28,  1975  filled  the 
road  cut  and  put  light  debris  to  the  stream  200  ft 
(60  m)  beyond. 
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Case  Study  No.  3 — Stanley  Avalanche 
U.S.  Highway  40,  south  of  Berthoud  Pass,  Colorado 


Location 

Front    Range;    southeast    slope    of   the    east 
shoulder  of  Stanley  Mountain. 

Catchment  Basin 
A  bowl-shaped  depression  on  the  slope;  above 
timberline;    12,400-11,600    ft    (3780-3536    m) 
m.s.l.;  20  acres  (8  ha). 

Track 
Not  confined;  three  slots  in  timber;  vertical 
drop,  2,400  ft  (732  m);  length.  4,400  ft  (1341  m). 

Runout  Zone 
Lower  section  of  the  track  with  a  more  gentle 
slope  and  valley  bottom  of  Clear  Creek;  length, 


900  ft  (274  m).  Width  of  track  and  runout  zone. 
2,000  ft  (610  m). 

Avalanches 
Stanley  frequently  blocks  the  upper  highway. 
Most  avalanches  do  not  reach  the  valley  bot- 
tom; however,  the  larger  ones  have  been  known 
to  overrun  the  lower  highway  and  come  to  rest 
at  the  foot  of  the  opposite  slope. 

Classification 
Medium-frequent.  Stanley  can  be  expected  to 
run  after  each  medium  to  large  snowstorm.  It 
has  also  "run  big"  (15  ft  (4.6  m)  or  more  snow 
on  upper  road)  five  times  in  the  past  25  years. 
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CALCULATIONS 


Assumptions: 

^    =  800  m/s^ 

7a  =  1.25  kg/m' 
7   =  150kg/m^ 
Jo  =  150kg/m' 
7/  =  800  kg/m=' 
h'  =  1.5  m 

Longitudinal  Profile: 

Reach                 Description 

Slope  angle 

1  Main  track 

2  Runout 

29° 
12° 

Terminal  Velocity  [Eq.  lb]: 

'^  max  =  15.60  m/s 

Head  [Eg.  23a,  with  F„  =  OJ: 

H  =  13.7m 


Specific  Thrust  Pressure  [Eq.  24]: 

p  =  2228  kg/m^ 

Maximum  Specific  Weight  [Eq.  18j: 

-imax  =  268  kg/m^ 

Runout  Distance  [Eq.  21  J: 

s  =  100  m 

Discussion 

The  Stanley  Avalanche  crosses  U.S.  40  twice. 
The  upper  crossing  is  about  1100  m  (map  dis- 
tance) below  the  main  starting  zone;  the  lower  is 
another  400  m  down  the  slope.  Stanley  has  fre- 
quently come  to  rest  in  that  portion  of  the  runout 
between  the  highways.  The  calculations  above 
would  place  debris  approximately  to  the  edge  of 
the  lower  highway.  A  slide  in  January  1975, 
placed  debris  on  the  lower  highway.  It  resulted 
from  windblown  snow  that  fractured  in  a  lower 
starting  zone  to  the  lee  of  the  uppermost  narrow 
strip  of  timber  (see  photo). 


i 
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Case  Study  No.  4 — Seven  Sisters  No.  3  Avalanche  Case  Study  No.  5— Seven  Sisters  No.  7  Avalanche^ 

U.S.  Highway  6,  north  of  Loveland  Pass,  Colorado 


Location 

Front  Range;  north  slope  near  Loveland  Basin 
ski  area. 
Catchment  Basins 
At  and  below  timberline;  north  slope  11,800- 
11,400  ft  (3597-3475  m)  m.s.l.  There  are  seven 
small,  bowl-shaped  starting  zones  that  are  sep- 
arated by  timbered  ridges.  The  starting  area  of 
all  seven  avalanches  is  about  20  acres  (8  ha). 


Tracks 

One  of  seven  gullylike  tracks  on  a  timbered 
slope;  vertical  drop,  900  ft  (274  m);  length, 
1,400  ft  (427  m). 

Runout  Zone 
Transition  zone  at  the  highway.  The  avalanche, 
after  filling  the  road  cut  with  snow,  can  travel 
across  the  road  toward  Clear  Creek.  Approxi- 
mate length  of  runout,  500  ft  (152  m). 

Avalanches 
Very   frequent;   usually   released   four  to   six 
times   a   winter  by   artillery   fire.   Avalanche 
cycles  are  recorded  as  early  as  mid-November 
and  as  late  as  the  end  of  April. 

Classification 
Small-frequent. 


Track 

Easternmost  of  seven  gullylike  tracks;  vertical  jI 
drop,  900  ft  (274  m);  length,  1 ,800  ft  (550  m).        i 

Runout  Zone 
Transition  zone  at  the  highway.  The  avalanche, 
after  filling  the  road  cut  with  snow,  can  travel i- 
another  500  to  600  ft  (150-180  m)  toward  Clear 
Creek. 

Classification 
Small-frequent. 


5fj!! 
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Case  Study  No.  4— Seven  Sisters  No.  3  Avalanche 

CALCULATIONS 

Assumptions: 

^  =  800  mls^ 
7„=  1.25  kg/m' 
7  =  200  kg/m' 
7o  =  200  kg/m^* 
7/  =  800  kg/m' 
h'  =  1.0m 

Longitudinal  Profile: 

Reach  Description  Slope  angle 


Track 
Track 
Runout 


35° 
28° 
10° 


Flow  Height  [Eg.  1  Si- 
Reach  h ' 


(m) 
1.0  Assumed 
1.1 


Terminal  Velocity  [Egs.  lb,  13]: 
Reach  ^  max 


(m/s) 
15.8 
14.8 


Head  [Eg.  23a,  with  F„  =  0]: 
H  =  12.0  m 

Specific  Thrust  Pressure  [Eg.  24]: 
p  =  2634  kg/m^ 

Maximum  Specif ic  Weight  [Eg.  18]: 

Imax  =  325  kg/m^ 

Runout  Distance  [Eg.  21]: 

s  -  62  m 

Discussion 

This  is  one  of  the  more  frequent  of  this  group  of 
seven  small  frequent  avalanches.  It  has  crossed 
the  road  an  average  of  eight  times  per  winter  for 
the  eight  winters  preceding  1970-71.  These  are 
both  natural  and  artillery  released  avalanches. 


Case  Study  No.  5— Seven  Sisters  No.  7  Avalanche 
CALCULATIONS 

Assumptions: 

^    =  500  mis' 
7    =  150kg/m=' 
7o  =  150kg/m^ 
7/  =  800  kg/m^ 


Longitudinal  Profile: 
Reach  Description 


Slope  angle 


Track 
Track 
Track 


38° 
32° 
29° 


Flow  Height  [Eg.  13]: 
Reach  h ' 

(m) 

1  1.0  Measured  fracture  height 

2  1.0 

Terminal  Velocity  [Egs.  lb  and  13]: 
Reach  V^„r 


(m/s) 

1 

12.0 

2 

11.4 

Head  [Eg.  23a,  with  F„  =  0]: 

H  =  7.5  m 

Specific  Thrust  Pressure  [Eg.  24]: 
p  =  1177  kg/m^ 

Maximum  Specif  ic  Weight  [Eg.  18]: 
7^.,ax  =  218kg/m^ 

Runout  Distance  [Eg.  21]: 
s  =  No  stop  in  Reach  3 

Discussion 

The  avalanche  of  February  18,  1975  had  a  frac- 
ture line  about  110  ft  (34  m)  long  and  3  ft  (0.9  m) 
deep.  Most  of  the  debris  stopped  in  the  road.  Just 
above  the  road  the  debris  was  185  ft  (56  m)  wide 
with  a  maximum  depth  of  6  ft  (1.8  m)  in  the  center 
and  a  uniform  taper  to  zero  at  the  edges.  Density 
of  snow  in  the  debris  cone  was  measured  as  350 
kg/m^  Accordingly,  estimates  of  7  and  70  are  too 
low  (more  like  200  kg/m').  Equations  indicate  that 
this  avalanche  would  have  run  to  the  valley  had 
the  road  not  been  plowed. 
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Case  Study  No.  6— Little  Professor  Avalanche 
U.S.  Highway  6,  south  of  Loveland  Pass,  Colorado 


Location 

Front  Range;  southeast  slope  of  summit  point 
12,293,  northwest  of  Arapaho  Basin  ski  area. 

Catchment  Basin 
Uniform    southeast    slope;    above    timberline; 
12,100-11,600  ft  (3688-3536  m)  m.s.l.;  7  acres  (3 
ha). 

Track 
Wide  opening  in  the  timber  of  the  slightly  bowl- 
shaped  slope;  vertical  drop,  1,260  ft  (384  m); 
length,  2,700  ft  (823  m).  This  avalanche  has  a 
tendency  to  spread  out  in  the  lower  part;  the 


width  of  the  track  is  800  ft  (244  m)  near  the 
highway. 

Runout  Zone 
No  transition  zone  above  the  highway;  ava- 
lanches reach  the  parking  lot  of  Arapaho  Basin 
ski  area. 

Avalanches 
February  2,  1965,  covered  the  highway  20  ft 
(6  m)  deep.  Has  run  to  the  road  10  times  in  past 
25  yr. 

Classification 
Small-frequent. 


I 
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CALCULATIONS 

Assumptions: 

^  =  800  mis' 
7„=  1.25  kg/m^ 
7  =  200  kglm' 
7o  =  200  kglm' 
7/  =  800  kg/m' 
h'  =  2.0  m 


Longitudinal  Profile: 


Terminal  Velocity  fEqs.  lb  and  13} 
Reach  V  ^„r 


Reach 

Description 

Slope  angle 

1 
2 
3 
4 

Track 
Track 
Runout 
Runout 

28° 

29° 

9° 

-4° 

Flow  Height  [Eq.  13]: 

Reach 

h 

1 
2 
3 

(m) 
2.0    Assumed 
1.98 
2.88 

(m/s) 

1 

19.8 

2 

20.0 

3 

13.7 

Head  [Eg.  23a,  with  F„  =  0]: 
H  =  12.3  m 

Specific  Thrust  Pressure  [Eq.  24]: 

p  =  2684  kg/m^ 

Maximum  Specific  Weight  [Eq.  18]: 

Jmax  =  327  kg/m' 

Runout  Distance  [Eq.  21a]: 

s  =  21m 

Discussion 

On  February  2, 1965,  Little  Professor  deposited 
approximately  20  ft  (6  m)  of  debris  on  the  center 
line  of  the  road.  This  avalanche  also  reached  the 
Arapaho  Basin  parking  lot  (reach  4).  Equation 
(21a]  places  the  runout  at  21  m  upslope  in  reach  4, 
which  is  in  general  agreement  with  field  observa- 
tions. 
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Case  Study  No.  7 — Pallavicini  Avalanche 
U.S.  Highway  6,  south  of  Loveland  Pass,  Colorado 


Location 

Front    Range;   north   slope   of  summit   point 
12,144,  southwest  of  Arapaho  Basin  ski  area. 

Catchment  Basin 
Bowl-shaped    depression   in    the   north-facing 
slope;    above   and    below    timberline;    12,000- 
11,200  ft  (3658-3414  m)  m.s.l.;  15  acres  (6  ha). 

Track 
Wide  opening  in  the  heavily  timbered  slope; 
vertical  drop,  1.280  ft  (390  m);  length,  2,700  ft 
(823  m). 

Runout  Zone 
Flat  bottom  of  the  Snake  River  Valley;  under 
severe  conditions  the  avalanche  may  run  across 


the  500-ft-wide  (152  m)  valley  bottom  and  reach 
the  highway  on  the  opposite  slope. 

Avalanches 
The  starting  zone  is  controlled  intensively  by 
explosives  and  protective  skiing  because  it  lies 
within  the  Arapaho  Basin  ski  area. 

Classification 
Medium-erratic.  Intensive  skiing  stabilizes  the 
snowpack  in  the  starting  zone.  Therefore,  it  is 
very  unlikely  that  big  snow  masses  will  start. 
During  prolonged  and  severe  storms,  however, 
when  no  skiing  is  possible,  snow  masses  be- 
come big  enough  to  form  avalanches  that  reach 
the  highway. 
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CALCULATIONS 


Assumptions: 

^    =  800  m/s^ 
7„=1.25kg/m^ 
7    =  200  kglm' 
7o  =  200  kglm' 
jf  =  800  kg/m^ 
h'=  1.5m 

Longitudinal  Profile: 

Reach                  Description 

Slope  angle 

1  Track 

2  Track 

3  Track 

4  Runout 

Flow  Height  [Eg.  13/: 
Reach                         h ' 

31° 

24° 

17° 

9° 

(m) 

1  1.50  Assumed 

2  1.62 

3  1.81 

Terminal  Velocity  [Eqs.  lb  and  13]: 
Reach  V^„^ 


(m/s) 

1 

18.3 

2 

16.9 

3 

15.1 

Head /Eg.  23a,  with  V^  =  OJ: 
H  =  13.2m 

Specific  Thrust  Pressure  [Eq.  24]: 
p  =  2911kg/m^ 

Maximum  Specific  Weight  [Eg.  18]: 

lmax  =  335kg/m' 

Runout  Distance  [Eq.  21]: 

8  =  61  m 

Discussion 

This  calculation  shows  debris  stopping  about 
60  to  70  m  short  of  the  creek.  On  two  occasions  in 
the  last  25  yr,  this  avalanche  crossed  the  creek 
and  ran  75  to  80  m  up  a  16°  slope  to  cross  the 
highway. 
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Case  Study  No.  8 — Timber  Falls  Avalanche 
Highway  1-70,  east  of  Vail,  Colorado 


Location 

Vail,  Colorado. 

Catchment  Basin 

Approximately  47  acres  (19  ha). 

Track(s) 

Tl  East  Ridge— Poorly  defined  slide  path  with 
minor  drainageway;  vertical  drop,  approxi- 
mately 2,000  ft  (610  m);  length,  approximately 
3,500  ft  (1067  m). 

T2  Aspen  SUde— Poorly  defined;  vertical  drop, 
approximately  2,200  ft  (610  m);  length  approxi- 
mately 4.000  ft  (1219  m).  Both  Tl  and  T2  have 
a  shelf  near  the  bottom  of  the  slope  which  has 
prevented  smaller  avalanches  from  reaching 
the  valley  below. 

T3  East  Slide— Poorly  defined;  spills  snow  into 
main  track.  Vertical  drop,  approximately  1,500 
ft  (457  m);  length  approximately  3,500  ft  (1067 
m).  Shelf  near  bottom  also  stops  smaller  slides. 

T4  West  Upper  Fork— Below  large  cliff-Uke 
rock;  vertical  drop,  approximately  2,300  ft  (701 


m);  length,  approximately  4,200  ft  (1280  m) 
with  bend  at  intersection  of  T3. 

T5  West  Lower  Fork— Originates  from  large 
rock  at  head  of  T4.  Well-defined  track  which 
drops  approximately  1,250  ft  (381  m);  length, 
approximately  2,700  ft  (823  m). 

T6  Main  Track- Extends  from  just  above  the 
junction  of  T4  and  T5  at  a  cliff-Uke  rock  out- 
crop. Well-defined  track  with  three  bends  in  the 
alinement  which  are  associated  with  rock  out- 
crops. A  shelf  near  the  bottom  of  the  track  re- 
tains much  of  the  flowing  snow.  Vertical  drop 
to  valley  (including  T4  or  T5)  approximately 
2,300  ft  (701  m);  length,  approximately  4,200  ft 
(1280  m). 

Runout  Zone 

Broad  valley  of  Gore  Creek. 
Classification 

Medium-erratic.  During  the  avalanche  season 
of  1967-68,  T6  ran  and  deposited  snow  high  on 
the  alluvial  fan.  In  1950-51,  slides  in  the  area 
ran  to  the  valley  floor  as  far  as  Gore  Creek  (Bor- 
land 1973). 


f  i|E 
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CALCULATIONS 


Assumptions: 

(Tl) 

(T2) 

(T3-6) 

^    =  500  m/s^ 

500  m/s^ 

800  mis' 

7   =  ISOkg/m^" 

150kg/m^ 

150kg/m' 

7„  =  150  kg/m^ 

150kg/m^ 

150kg/m' 

yy  =  800  kg/m^ 

800  kg/m' 

800  kg/m' 

Longitudinal  Profile: 


(Tl) 


Reach 


Description 


1 

Track 

2 

Track 

3 

Track 

4 

Track 

5 

Runout 

(T2) 


Reach 


Description 


1 

Track 

2 

Track 

3 

Track 

4 

Track 

5 

Track 

6 

Runout 

(T3-6) 


Slope  angle 


32° 
25° 
20° 
31° 
3.0° 


Slope  angle 


36' 
26' 
18' 
28' 
34' 
5.5' 


Reach 

Description 

Slope  angle 

1 

Track 

32° 

2 

Track 

25° 

3 

Track 

15° 

4 

Track 

10° 

5 

Runout 

8.0° 

Flow  Height  [Eq.  13]: 

i 

(Tl) 

(T2) 

(T3-6) 

leach 

h' 

h 

h' 

(m) 

(m) 

(m) 

1 

2.5 

2.5 

2.5 

2 

2.7 

2.8 

2.7 

,3 

2.9 

3.1 

3.2 

.4 

2.5 

2.7 

3.6 

..5 

V 
i" 

2.5 

Terminal  Velocity  [Eqs.  lb  and  13]: 

(Tl) 

(T2) 

(T3-6) 

Reach 

V 

»  max 

'  max 

»  max 

(mJs) 

(mJs) 

(m/s) 

1 

19.8 

22.5 

27.2 

2 

18.3 

20.4 

25.3 

3 

17.1 

18.1 

21.5 

4 

19.6 

20.0 

18.8 

5 

22.1 

Head/Eq.  23a,  with  F„  =  OJ: 

H=(inm)  21.7 


27.0 


Specific  Thrust  Pressure  lEq.  24]: 

p=(in  kg/m^)  3716  4754 

Maximum  Specific  Weight /Eq.  18]: 
7  max=  (in  kg/m^)       326  360 


Runout  Distance  fEq.  21]: 

s=(inm)  82 


151 


21.3 


3631 


323 


125 


Discussion 

In  a  previous  study,  Borland  (1973)  determined 
the  following  runout  distances:  Path  Tl,  67  m; 
T2,  95  m;  and  T3-6,  100-106  m.  Borland  used 
Voellmy's  equations  with  assumed  values  of  ^ 
and  n  as  suggested  by  Voellmy.  He  computed  ve- 
locities and  discharges  from  careful  analyses  of 
each  of  several  channel  cross  sections.  Effects  of 
the  previously  mentioned  bench  were  accounted 
for  by  assuming  that  approximately  20  percent  of 
the  total  volume  was  retained  on  the  slope.  Flow 
height  (approximately  2.8  m)  was  based  on  a  fre- 
quency analysis  of  Soil  Conservation  Service 
snow-course  data.  Assumed  recurrence  interval 
was  100  years. 


mM 
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Case  Study  No.  9— Parry  Peak— Gordon  Gulch 
Avalanches 

Highway  82,  west  of  Twin  Lakes,  Colorado 


Location 

Twin  Lakes,  Colorado. 

Catchment  Basin 

Bowl-shaped  depression  above  timberline. 

Track 
Rather  broad  swale  in  upper  track;  adverse 
slope  (91  m  in  length)  located  midway  in  track 
at  confluence  with  Gordon  Gulch;  channel  con- 
stricted somewhat  at  this  point.  Vertical  drop, 
approximately  3,000  ft  (914  m);  length  6,920  ft 
(2109  m). 


Runout  Zone 

Broad  valley  of  Lake  Creek. 

Classification 

Large-erratic.  Avalanche  had  not  run  to  high- 
way for  approximately  80  years  prior  to  Jan- 
uary 21,  1962,  when  seven  people  were  killed  in 
their  homes.  Most  avalanches  are  stopped  by 
moraine  near  midslope  which  forms  a  natural 
barrier  (see  photo).  Climax  avalanches  in  1962 
resulted  from  near-simultaneous  release  of  the 
Parry  Peak  and  Gordon  Gulch  slides  which 
overran  adverse  slope  and  reached  the  valley 
bottom. 


CALCULATIONS 


Terminal  Velocity  (Eg.  lb  and  13]: 


Assumptions: 

(Parry  Peak) 
^    =  1400  m/s^ 
7   =    200kg/m' 
Jo  =    200  kg/m' 
jf  =    800  kg/m' 
h' =    2.0  m 


(Gordon  Gulch) 
1800  m/s^ 

200  kg/m^ 

200  kg/m' 

800  kglm' 

2.5  m 


Longitudinal  Profile: 

(Parry  Peak) 


Reach 


Description 


Slope  angle 


Track 
Runout 


(Gordon  Gulch) 


22.6° 
-18.5° 


Reach 


Description 


Slope  angle 


1 

Track 

2 

Track 

3 

Track 

4 

Runout 

22.3° 

27.5° 

13.5° 

2.3° 


Flow  Height  [Eq.  ISJ: 


Reach 


(Parry  Peak)  (Gordon  Gulch) 
h'  h' 


<m) 

(m) 

2.0 

2.5 

2.3 

2.9 

Reach 


(Parry  Peak)  (Gordon  Gulch) 


(m/s) 

(m/s) 

22.1 

32.6 

34.8 

27.7 

Head  [Eg.  23a,  with  F„  =  0]: 

H  =  (inm)  26.4  41.3 

Specific  Thrust  Pressure  [Eg.  24]: 

p  =  (in  kg/m^)  6373  10,905 

Maximum  Specific  Weight  [Eg.  18]: 

7ma;c  =  (inkg/m^)  433  513 

Runout  Distance  /Eg.  21a  and  Eg.  21]: 

s  =  (in  m)  43  257 


Discussion 

Available  field  evidence  suggests  that  Parry 
Peak  slide  may  have  reached  the  moraine  (ad- 
verse slope)  prior  to  the  Gordon  Gulch  slide.  The 
smaller  Parry  Peak  slide  apparently  was  not  large 
enough  to  flow  up  and  over  the  ridge;  however, 
the  debris  was  sufficient  to  reduce  the  adverse 
gradient.  Thus,  the  snow  later  released  from 
Gordon  Gulch,  some  1200  m  above  the  conflu- 
ence, was  able  to  overrun  the  debris  from  the 
smaller  shde,  top  the  ridge,  and  flow  to  the  valley 
bottom. 
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Case  Study  No.  10 — Hematite  Gulch  Avalanche 
Highway  110.  north  of  Howardsville,  Colorado 


Location 

Northwest  of  Howardsville,  about  5  miles  east 
of  Silverton,  Colorado. 

Catchment  Basin 

Approximately  60  acres  (25  ha). 

Track 

Vertical  drop,  approximately  3,000  ft  (914  m); 
length,  approximately  2,200  ft  (670  m).  Ava- 
lanches confined  to  narrow  gully. 


Runout  Zone 

Total  length  on  sideslope  confined  to  gully 
walls  approximately  1,300  ft  (400  m);  thence 
across  broad  valley  of  Animas  River. 

Classification 

Medium-erratic. 
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CALCULATIONS 


Assumptions: 

^    =  800  mis' 
7   =  450  kglm' 
7o  =  450  kg/m' 
7/  =  800  kglm' 
h'  =  1.5  m 

Longitudinal  Profile: 
Reach                 Description 

Slope  angle 

1  Track 

2  Track 

3  Runout 

4  Runout 

32° 
24° 
18° 
14° 

Flow  Height  [Eq.  13]: 
Reach  h' 


(m) 

1 

1.5  Assumed 

2 

1.6 

3 

1.8 

Head  [Eg.  23a,  with  F„  =  0]: 
H  =  14.8  m 

Specific  Thrust  Pressure /Eg.  24J: 

p  =  7401  kg/m^ 

Maximum  Specific  Weight  [Eg.  23aJ: 

7max  =  600kg/m' 

Runout  Distance  [Eg.  21]: 
s  =  180  m  in  Reach  4 

Discussion 

Field  observations  agree  in  genereil  with  prelim- 
inary calculations  for  -^max  and  s.  Avalanche  oc- 
curred on  May  7,  1975,  as  a  wet  slab.  Fracture 
height  was  1.5  m,  and  tapered  off  to  0.5  m  at 
flanks.  Approximately  one-fourth  of  the  snow  in 
the  starting  zone  was  released.  A  complete  re- 
lease of  snow  would  produce  an  avalanche  which 
would  overrun  the  Animas  River  and  be  de- 
posited in  the  valley. 


terminal  Velocity  [Egs.  lb  and  13]: 

ifleach  ^max 


(m/s) 
19.2 
17.6 
16.1 
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Case  Study  No.  11 — Battleship  Avalanche 
Highway  550,  south  of  Red  Mountain  Pass,  Colorado 


Location 

San  Juan  Mountains;  northeast  slope  of  sum- 
mit spot  elevation,  12,442. 

Catchment  Basin 
Three  basins  on  northeast  slope;  above  timber- 
line;  12,200-11,400  ft  (3719-3475  m)  m.s.l.;  45 
acres  (18  ha). 

Track 
Narrow  gully;  vertical  drop,  2,500  ft  (762  m); 
length,  5,600  ft  (1707  m). 

Runout  Zone 
Highway  runs  250  ft  (76  m)  above  Mineral 
Creek  on  opposite  mountain  slope.  Small, 
wet  snow  avalanches  stop  in  Mineral  Creek 
ravine;  bad  conditions,  dry  dust  avalanches 
ascend  slope  and  reach  highway. 

Classification 
Large-occasional.  Seldom  reaches  highway. 


CALCULATIONS    (Nonpowder) 


Assumptions: 

^    =  1800  mis' 

7a  =  1.25  kg/m' 
7    =  200  kg/m' 
7o  =  150kg/m^ 
7/  =  800  kg/m^ 
h'  =  2.5  m 

Longitudinal  Profile- 
Reach                 Description 

Slope  angle 

1  Starting  zone 

2  Upper  track 

3  Lower  track 

4  Runout  zone 

30° 

26° 

18° 

-25° 

■  '! 
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Flow  Height [Eq.  13]: 
Reach  h ' 


Calculations 


(m) 
2.5 
2.6 

2.9 


Assumed 


2.5  _ 
h,'  = 

2.6  , 
ha  ^ 


sin  26°" 
sin  30° 
r  sin  18°^''^ 


sin  26' 
,  Terminal  Velocity  [Eqs.  lb  and  13]: 


Reach 


Calculations 


(mJs) 

42.2       V?   =    ('18O0V2.5V1-  L25_^ 

Isin30°-5/ViCos30°] 

An  A      _Vi    -/sin30°V^^ 

35.9 


V2    _/sin26°V^^ 
Tr~Uinl8°;' 


HeadfEq.  23a,  F„  =  0/; 


H  =  h'  +  VV2g    1- 


(VjJ 


=  2.9  +  (35.9P/2(10)[l-0] 


H  =  2.9  +  ^^Iq^^  =  2.9  +  64.44  =  67.34  m 


H  =  67.34  m 


Specific  Thrust  Pressure  [Eq.  24]: 

)  =  7/   }l(q/2)^  +  Hpo/7/]"^-q/2 
vhere 


_   10,000 
~      200 


-(■^X^  - 


200 

800 


■) 


=  7.9 


=  800 


/7.9V     ,    (67.34)(10,000)1'^^       7.9 
VT^     ^  ^00 —        '  ^" 


=  20,260  kg/m^ 


Maximum  Specific  Weight  [Eq.  18]: 

ymax=     [7  +  7/        C^^)       /(1+p/pJ 

=[200  +  800    f-j^ 


.265 
,000 


20.265 
10,000 


=  602  kg/m' 


Runout  Distance  [Eq.  21a]: 

5 


2g 


cos25°  +  tan25°  M- V^, 


V^h^] 


where 

h^  =  h3'  +V|4g  =  2.9+      ^^ha!'  =  35.1 


1(W 


s  = 


(35.9)' 


2(io)y^. 9063 +  .4663)   +  {foS.^l ) 


s  =  109  m 


Discussion 

In  February  1958,  this  avalanche  ascended  the 
adverse  slope  and  deposited  5  ft  (1.5  m)  of  snow 
on  the  highway.  The  highway  is  approximately 
600  ft  (200  m)  up  the  25°  slope  from  Mineral 
Creek.  Even  a  large  avalanche  (2.5  m  crown  sur- 
face) with  a  high  coefficient  of  turbulent  friction 
(^  =  1800)  will  place  the  avalanche  only  half  way 
to  the  highway. 


CALCULATIONS    (Powder) 


Assumptions: 

^    =  1200  m/s^ 

h   =  1.0m 

ha=0.5m 

7„=1.25kg/m' 

7o  =  150kg/m5 

7/  =  800  kg/m' 

Po  =  10,000  kg/m' 

Longitudinal  Profile: 

Reach                 Description 

Slope  angle 

1                     Starting  zone 

30° 

2                      Upper  track 

26° 

3                     Lower  track 

18° 

4                     Runout  zone 

-25° 

1 
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Specific  Weight  of  Flowing  Snow  [Eg.  10]: 
Reach       i/'  7  Calculations 


(kg/mV 

1 

30° 

37.5 

2 

26° 

32.9 

3 

18° 

23.2 

4 

-25° 

[tl^i^]sin30° 
^(L25K1200)J3i^26° 
pi.25)U200)J3i„i8° 


Flow  Height  [Eg.  9J: 
Reach  h ' 


Calculations 


(m) 
6.00 


-^ly   (1.0  +  0.5) 


6.84         ^1^  (1.0  +  0.5) 


9.70 


^   (1.0  +  0.5) 


Terminal  Velocity  [Egs.  11  and  13]: 
Reach      V  max  Calculations 


(m/s) 

60.0         2(10X1+0.5)    (^^) 
sin30\"^ 


57.4 


60/V2=    (- 


sin  26 
3  51.1         57.4/V.  =  (4^)" 

Head  [Eg.  23a,  with  F„  =  0]: 
«  =  9.7+    ^^ 


H  =  140.26  m 


Specific  Thrust  Pressure  [Eg.  24]: 

p  =  7/  j[(q/2)^  +  Hp„/7/l-^-q/2  j 
where 

q  =  Po/7-  4  (1+T/7/) 

„  _     10.000  _   140.26  /,    ,    23.2  \ 
^  23.2  2      V        800  ) 


q  =  358.87 


p  =  800 


7358.87V 

f J  +  (140.26) 


10,000" 


800 


358.87 


p  =  3857  kg/m* 


Maximum  Specific  Weight  [Eg.  18]: 
1  + 


Tfnox 


_P_ 
Po 


=       150  +  800     (^) 


1  + 


3857 
10,000 


=  331  kg/m' 


Runout  Distance  [Eg.  21a]: 


s  = 


V^ 


2g  (/x  COS  i/-^  +  tarn// „)  +   -^j;^ 


(For  a  powder  avalanche,  let  m  ^  0) 

where 

y2 


h^  =  h'  + 
h„  =  9.7  + 


(51.1)^ 


hrr,  =  74.98  or  75  m 


s  = 


iSLU 


2(10)  (tan  25)+  fi^200)(75) 


2611.21 

d.62 

8  =  271  m 

Discussion 

This  is  more  than  enough  runout  distance  to 
reach  the  road,  even  though  a  crown  face  of  only  1 
m  and  a  turbulent  friction  coefficient  (^)  of  1200 
m/s^  were  used. 
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Case  Study  No.  12 — Ironton  Park  Avalanche 
Highway  550,  north  of  Red  Mountain  Pass,  Colorado 


Location 

San  Juan  Mountains;  southeast  slope  of  Hay- 
den  Mountain. 

Starting  Zone 
Wide,  uniform  slope  below  Half  Moon  Basin; 
below  timberline;  11,300-10,600  ft  (3444-3231 
m)  m.s.l.;  60  acres  (25  ha);  steirting  zone  is  indef- 
inite. 

Track 
The  entire  slope;  vertical  drop,  1,640  ft  (500  m); 
length,  2,800  ft  (853  m). 

Runout  Zone 
Level  bottom  of  Ironton  Park;  large  avalanches 
have  traveled  over  the  flat  ground  to  the  high- 
way—a distance  of  1,050  ft  (320  m). 

Avalanches 
Avalanches   of    1958   reached   the   road   and 
crossed  it. 

Classification 
Large-erratic. 

CALCULATIONS 

issumptions: 

=  1400  m/s^ 
a=  1.25  kg/m^* 

=  200  kg/m' 
o  =  200  kg/m' 
f  =  800  kg/m^ 
'  =  2.0  m 


Longitudinal  Profile: 
Reach  Description 


Track 
Runout 


Slope  angle 


31° 
0° 


Terminal  Velocity  [Eg.  lb]: 

Ymax  =  S2.1mls 

Head  [Eg.  23a,  with  F„  =  0]: 
H  =  55.5  m 

Specific  Thrust  Pressure  /Eg.  24]: 

p  =  15,806  kg/m^ 

Maximum  Specific  Weight  [Eg.  18]: 

lmax  =  567kg/m' 

Runout  Distance  [Eg.  21]: 

s  =  321m 


Discussion 

On  one  occasion,  debris  was  deposited  to  a 
depth  of  5  ft  (1.5  m)  on  the  road,  some  1,050  ft 
(320  m)  from  the  slope.  With  the  assumptions 
made  above,  the  computed  runout  distance  is 
1,054  ft  (321m). 
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CONCLUSIONS 


Although  the  calculations  in  Part  II  are  by  no 
means  a  comprehensive  analysis  of  specific  ava- 
lanche hazards,  they  do  illustrate  application  of 
the  more  important  equations  in  Part  I.  If  care- 
fully applied,  they  will  provide  a  realistic  quanti- 
tative assessment  of  avalanche  hazards  in  terms 
of  runout  distance  and  the  impact  forces  upon  ob- 
stacles in  the  runout. 

It  is  again  emphasized  that  several  of  the  ava- 
lanches in  Part  II  are  capable  of  running  much 
larger  than  the  calculations  in  this  report  show. 
For  example,  while  the  Stanley  avalanche  (Case 
Study  No.  3)  is  classified  as  "medium-frequent," 
it  is  capable  of  running  to  the  slope  on  the  oppo- 
site side  of  the  valley  and  generating  specific 
thrust  pressures  in  excess  of  21,000  kg/m^ 

The  assumptions  in  Part  II  should  be  con- 
sidered preliminary  and  subject  to  refinement.  A 
complete  engineering  study  should  include:  (1) 
careful  frequency  analyses;  (2)  calculation  of  snow 
volumes  in  the  starting  zone  and  track;  (3)  de- 
tailed cross-section  and  profile  measurements, 
with  velocities  computed  in  terms  of  R  and  D 
rather  than  h' ;  and  (4)  the  lateral  extent  of  debris 
in  the  runout.  Given  the  limited  field  data,  more 
detailed  calculations  were  not  justified  in  the  case 
studies  presented  in  this  report. 


A  word  on  the  selection  of  an  appropriate  coeffi- 
cient of  turbulent  friction,  ^,  may  be  in  order  at 
this  point.  In  Part  II,  ^  was  varied  from  a  maxi- 
mum of  1800  m/s^  for  Battleship  (Case  Study  No. 
11)  to  a  low  of  500  mis'  for  Timber  Falls  Tl,  T2  ' 
(Case  Study  No.  8).  Schaerer  (1975b)  suggests  the 
following  values  of  $  based  on  track  and  rough- 
ness: 

Smooth  snow  cover,  no  trees 1200-1800  m/s'     'i 

Average,  open  mountain  slope 500-750  m/s'  i| 

Average  gully 400-600  m/s'  :| 

Boulders,  trees,  forest 150-300  m/s' 

Data  are  still  insufficient  to  provide  an  objective 
basis   for   selecting   this   important   parameter. 
However,  enough  field  observations  have  been 
generated  to  indicate  that  for  some  purposes- 
such  as  zoning— calculations  should  be  based  on 
relatively  high  values  of  ^  to  simulate  major 
events.  On  the  other  hand,  a  lower  estimate  of  ^ 
may  be  justified  in  cases  where  more  "average" 
conditions  are  needed.  For  example,  ^  =  800  m/s' 
may  be  a  reasonable  assumption  for  many  of  the 
avalanches  on  the  Stanley  path  (Case  Study  No.  ■, 
3).  However,  this  particular  avalanche  is  capableJi 
of  running  very  large  under  certain  conditions. «'• 
For  these  occurrences,  an  estimate  of  |  =  1400  tot 
1800  m/sMs  justified. 
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APPENDIX  A 


Measurement  Systems 


The  calculations  in  this  paper  are  based  on  an 
engineering  or  gravitational  system  of  measure- 
ments. Because  of  the  recent  adoption  in  the 
United  States  of  the  Systems  International 
d'Units  (SI),  which  is  an  absolute  system  of  meas- 
urement (ASTM  1972),  a  short  discussion  of 
measurement  systems  might  be  helpful. 

T3T)es  of  Measurement  Systems 

There  are  two  basic  types  of  measurement  sys- 
tems, gravitational  and  absolute.  Gravitational 
systems  are  based  on  the  fundamental  quantities 
of  length,  weight,  and  time.  Absolute  systems  are 
based  on  the  fundamental  quantities  of  length, 
mass,  and  time.  In  both  types,  additional  quanti- 
ties such  as  acceleration,  force,  pressure,  and  den- 
isity  are  derived  from  the  fundamental  quantities. 
jThe  primary  difference  between  gravitational  and 
jabsolute  systems  is  the  change  from  weight  to 
jmass  as  one  of  the  fundamental  quantities. 

The  following  are  several  reasons  for  the  confu- 
sion that  exists  about  measurement  systems: 

1.  The  rather  hazy  distinction  between  mass 
md  weight  that  many  people  have. 

2.  The  compUcation  that  arises  from  the  use  of 
;wo  units  of  measurement— metric  and  British  in 
addition  to  the  two  basic  types  of  systems— grav- 
itational and  absolute. 

I  3.  The  use  of  the  same  word  (gram  in  cgs  ver- 
fion  of  metric,  and  pound  in  the  British  units)  to 
bean  a  unit  of  mass  when  used  in  the  absolute 
ystem  and  a  unit  of  force  {weight)  when  used  in 
Ihe  gravitational  system. 

4.  The  generally  overlooked  fact  that  there  is 
'nly  a  slight  variation  in  gravity  from  place  to 
•lace  on  earth  which  has  led  to  the  calibration  of 
lost  metric  scales  and  balances  to  give  mass 
ather  than  weight  in  spite  of  the  common  use  of 
he  term  weight  to  describe  the  value. 


iass  and  Weight 

The  mass  of  a  body  is  a  measure  of  the  amount 
material  in  it  as  evidenced  by  the  body's 
lertia— or  resistance  to  change  of  motion.  It  is 
nstant  unless  matter  is  added  or  removed  from 
body.  It  is  also  independent  of  location  but 
)t  completely  independent  of  velocity.  The  fun- 
^mental  unit  of  mass  is  the  kilogram  which  is 
jresented  by  the  kilogram  prototype— a  plati- 
|im  alloy  block  kept  in  France. 


The  weight  of  a  body  is  the  force  with  which 
that  body  is  attracted  toward  the  center  of  the 
earth.  A  free  falling  body  is  acted  on  only  by  the 
force  of  its  own  weight  which  is  the  product  of  the 
mass  of  the  body  times  the  acceleration  of  gravity 
(g)  at  that  place.  Hence  the  weight  of  a  body  will 
change  from  place  to  place  but  at  any  location 
weight/g  =  mass.  Although  somewhat  redundant 
some  authors  use  the  expressions  pound-force 
(Ibf),  gram-force  (gf),  and  kilogram-force  (kgf)  to 
emphasize  the  fact  they  are  working  with  units  of 
weight  in  a  gravitational  or  engineering  system  of 
measurements. 


Force,  Density,  Specific  Weight,  and  Pressure 

From  Newton's  second  law. 


F  =  kma 


[Al] 


where  force  (F),  mass  (m),  and  acceleration  (a)  can 
be  in  any  units,  provided  the  proper  value  is  as- 
signed to  k.  More  commonly  equation  [Al]  is 
shortened  to 


F  =  ma 


[A2] 


and  sets  of  units  are  used  in  which  one  of  the 
units  is  defined  to  make  k=l.  Three  examples  of 
this  follow: 

1.  A  new  ton  is  defined  as  the  force  that  will  give 
a  1 -kilogram  mass  an  acceleration  of  1  meter 
per  second^  (m/s^)  (SI— one  of  the  metric  abso- 
lute systems). 

2.  A  dyne  is  defined  as  the  force  that  will  give  a 
1-gram  mass  an  acceleration  of  1  centimeter 
per  second^  (cm/s^)  (cgs— another  metric  abso- 
lute system). 

3.  The  slug  is  defined  as  the  mass  to  which  a 
force  of  1  pound  will  give  an  acceleration  of  1 
foot  per  second^  (ft/s^)  (the  British  gravita- 
tional system). 


The  equation. 


F  =  Wa/g 


IA31 


is  valid  for  any  units  so  long  as  the  force,  F,  and 
weight,  W,  are  expressed  in  the  same  units  of 
force,  and  a  and  g  are  in  the  same  units  of  acceler- 
ation. 
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Some  of  these  points  are  illustrated  in  the  fol- 
lowing tabulation: 


Name  of 

Unit  of 

Unit  of 

Unit  of 

system 

mass 

force 

acceleration 

SI  (mks) 

absolute 

kilogram 

newton 

m/s= 

cgs  absolute 

gram 

dyne 

cm/s' 

cgs  gravi- 

tational 

weight/g 
(no  name) 

gram 

cmls^ 

British 

absolute 

pound 

poundal 

ftls' 

British 

gravitational 

slug 

pound 

his' 

Any  system 

weight/g 

same  units 

same  units 

as  used 

as  used 

for  weight 

forg 

In  the  tabulation  above,  g  is  acceleration  due  to 
gravity  (9.8  mis'  =  980  cm/s'  =  32  ftlsK  The  mks 
system  uses  meters,  kilograms,  and  seconds  as 
units  of  measurement,  whereas  the  cgs  system 
uses  centimeters,  grams,  and  seconds  as  units  of 
measurement. 

These  are  some  of  the  basic  concepts  in  meas- 
urement systems.  It  is  important  to  understand, 
however,  that  the  variation  is  gravity  from  place 
to  place  on  earth  is  so  small  (about  0.5  percent 
from  equator  to  the  poles  and  less  than  that  from 
sea  level  to  the  top  of  Mt.  Everest)  that  special  in- 
struments are  needed  to  measure  it.  Although 
these  small  differences  are  important  for  certain 
types  of  geophysical  exploration,  they  are  of  no 
practical  concern  for  most  engineering  and  ava- 
lanche problems.  Hence  the  acceleration  due  to 
gravity  for  all  locations  on  earth  can  be  con- 
sidered constant.  An  additional  and  very  impor- 
tant thing  that  is  not  commonly  understood  is 
that  metric  spring  scales  and  balances  are  cali- 
brated to  give  mass  rather  than  weight.  This  is 
not  true,  however,  for  the  British  measurement 
units.  Metric  spring  scales  have  been  calibrated 
so  they  give  W/g  directly.  The  effect  of  gravity 
cancels  out  when  an  object  is  weighed  on  a  bal- 
ance because  both  sides  of  the  balance  are  sub- 
jected to  the  same  gravitational  force.  As  a  re- 
sult, the  units  read  from  a  balance  are  mass  and 
not  weight  since  most  sets  of  "weights"  are 
manufactured  to  be  equivalent  to  laboratory 
standards  of  mass. 

Density,  p ,  is  defined  as  mass  per  unit  volume 
and  specific  weight,  y,  as  weight  per  unit  volume. 
In  this  paper  we  have  followed  the  lead  of 
Voellmy  and  used  specific  weight.  This  means 
that  pressures  which  are  merely  force  per  unit 


area,  will  be  in  kgf/m^  In  the  British  gravita- 
tional system,  pressure  is  usually  expressed  as 
pounds-force/ft^  abbreviated  as  psf.  In  the  SI, 
pressure  would  be  expressed  as  newtons/m^ 
1  kgf  =  1  kg  X  9.8  m/s^  =  9.8  newtons 
The  following  examples  illustrate  some  of  the 
above  points: 

If  a  cube  of  snow  0.01  m'  ( =  0.22  m  on  a  side)  is 
found  to  weigh  2.7  kg,  what  is  its  specific  weight, 
■),  and  its  density,  p? 

7  =  2.7  kgf  X  100  =  270  kgf/m' 

To  get  to  density,  first  multiply  by  9.8  new- 
tons/kgf  to  get  newtons. 

270  kgf  X  9.8  newtons/kgf  =  2646  newtons 

Now,  since  F  =  ma  or  F  =  mg, 

2646  newtons  =  m  x  9.8  m/s^ 
m  =  2646/9.8  =  270  kg 

from  the  definition  of  a  newton. 

Thus  the  specific  weight  expressed  in  kgf  is  nu- 
merically equivalent  to  density  expressed  as 
kg/m^ 

If  a  block  of  the  above  snow,  1.6  m  on  a  side  (  = 
4.0  m'  volume),  slides  down  a  slope  with  an  accel- 
eration of  4.9  m/s^  and  hits  a  long,  tall  wall  at 
right  angles  to  the  flow,  what  is  the  force,  F,  oai* 
the  wall?  What  is  the  pressure,  p,  on  the  wall? 

F  =  (W/g)a 

where 

W   =  270  kfg/m^  X  4  m' 

F     =     1220Hm9)    ^54oi^gf 

y.o 
p     =  540/1.6  X  1.6  =  211  kgf/m^ 
x9.8  newtons/kgf 
2067  newtons/m' 


>f. 


or  in  the  SI, 

F  =  ma 

where 

m    =  270  kglm'  x  4  m' 

F     =  (270)(4)(4.9)  =  5292  newtons 

5295 
P  (1.6)11.6) 


=  2067  newtons/m' 
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APPENDIX  B 

Hand  Calculator  Programs 

for 

Several  Avalanche  Dynamics  Equations 


The  following  programs  for  the  H-P  65  have 
been  found  useful  for  solving  the  equations  listed 
below: 


Avalanche  velocity  V  [Eq.  lb): 

v  =  V 


Test  Cases     (HP-65  Program  Form  3) 


5 


^h'  (sin  \l/--yCOS  \p) 

The  term  (1  -  70/7)  in  the  more  complete  equation 
is  considered  negligible. 

Avalanche  runout  distance,  s  [Eq.  21]: 

s  =  Vi7-/[2g(MC0si/'„-  tanxl^u)  +VLrg/^h^] 

jwhere 

h^       =  h'  +  V^/4g 

[  =  5/Vir 

f^LT    =  velocity  in  lower  track 

Avalanche  runout  distance,  s' : 
!  A  modification  of  Eq.  [21]  to  allow  for  a  slowing 
j)f  velocity  and  an  increase  in  /i  to  a  maximum  of 
1.5  in  the  runout  zone. 

lead,  H  [Eq.  23al: 

H  =  hir  +  (V^£r/2g)  [1  -  (V„/Vxr)^] 

/here 

^u  =  0  =  final  velocity 

LT^^LT     —  flow  height  and  velocity  in  lower 
track 

pecific  thrust  pressure,  p  [Eq.  24): 

p  =  7/    |[(q/2P  +  Hp<,/7/]"^-q/2} 

Ihere 

q  =  Po/7-(H/2)(l+7/7/) 

aximum  specific  weight,  ymax  [Eq.  18]: 

Imax  =  bo  +  7/(Pd/Po)]/(l   +PdlPo) 

lere 
=  p  from  eq.  [24] 


In  register  8 
In  register  3  (hi, 7-) 
In  register  4  (^) 
In  register  6  (V/„) 
In  register  7  (max  n) 
Key  in  (Ylt) 
Avalanche  runout 
distance,  s' 

Running  time 


A  B 

0  0 

2.8  m  2.8  m 

1200  m/s^  1200  m/s^ 

-20°  -20° 

0.5  0.3 

30.1  m/s  30.1  m/s 


=  68.19  m      =  58.51  m 


=  45  s 


=  25  s 


Program  modified   from  one  developed  by   A. 
Mears. 


Test  Case    (HP-65  Program  Form  4) 

In  register  1  70  =  150  kg/m' 

In  register  2  Ylt  =  30.1  m/s 

In  register  3  hL7-  =  2.8m 

In  register  4  7/  =  800  kg/m' 

Head,  H  =  48.10  m 

Running  time  =  3  s 

Specific  thrust  pressure,  p  =  9599.64  kg/m^ 

Running  time  =  5  s 


Maximum  specific  weight,  7^ 
Running  time  =  2  sec 


=  468.36  kg/m' 
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APPENDIX  C 


List  of  Symbols 


B 
b 

C 

Cd 
Ci 

Cp 
Cv 

D 

Fd 
Fl 

e 

H 
H' 
H* 
h 


h' 


h^and 

h* 

ho 
ha 


kgf 
m 

n 
P 
P* 

P// 


cross-sectional  area  (of  avalanche 
track)  in  m^ 

width  of  avalanche  path  eq.  [29] 
width  of  an  obstacle  in  an  avalanche 
path  of  width  B  eq.  [29] 
Chezy  resistance  coefficient 
dimensionless  drag  coefficient 
dimensionless  lift  coefficient 
specific  heat  of  air  for  constant  pres- 
sure 

specific  heat  of  air  for  constant 
volume 

hydraulic  depth  (A/T*)  in  meters 
drag  force  on  an  obstacle  in  kg 
lift  force  on  an  obstacle  in  kg 
acceleration  due  to  gravity  (9.8  or  = 
lOm/s^) 

total  energy  head,  in  meters 
damming  height 

mean  height  of  air  parcel  in  meters 
vertically  measured  crown  surface 
(fracture  face)  in  the  starting  zone, 
in  meters 

vertically  measured  height  of  flow- 
ing snow,  in  meters,  h'  =  R  for  wide 
channels 

flow  height  of  moving  snow  on  the 
upper  slope  (n)  and  on  the  lower 
slope  (n-1) 

flow  height  in  runout  zone 
height   on   an   obstacle   where  up- 
thrust  is  to  be  computed,  in  meters 
depth  of  avalanche  debris,  in  meters 
height  (depth)  of  natural  snow  lying 
in  front  and  below  an  avalanche  that 
is   entrained   in   the  avalanche,   in 
meters 

mean  flow  height  in  the  runout  zone 
and  is  equal  to  h'  +  VV4g  when  the 
debris  is  piled  into  a  short,  high  cone 
flow  height  in  section  of  the  track 
just  uphill  from  runout  zone 
maximum  height  of  dammed  snow 
in  runout  zone  h^ax  =  h,,  +  Ah 
kilogram  weight  or  force 
mass.    In    engineering    system    of 
units  m  =  weight/g 
Manning's  roughness  coefficient 
total  force  on  an  object,  in  kg 
"wetted"   perimeter   (of  avalanche 
track),  in  meters 

total  dynamic  thrust  per  meter  of 
width  on  a  horizontal  roof  overrun 
by  an  avalanche 


P' 
Pd 


Pmax 

AQ 

q 


R 

Rv 

r 

S 

s 


T  and  T^ 
T* 

t 

t* 

u 


Ua 


V 
V 


specific  thrust  pressure  in  kg/m* 
specific  pressure  at  a  depth  z  below 
surface  of  the  avalanche 
dynamic  overpressure  due  to  com- 
pression   as    the    avalanche    stops 
(greater  than  Po  =  1  atmosphere) 
reference    pressure    head    in    Ber- 
noulli's equation— elsewhere  atmo- 
sphere   pressure    (approx.     10,000 
kg/m') 

specific  upthrust  pressure  on  pre 
jecting  surfaces  kg/m^ 
maximum  possible  thrast  pressure 
amount  of  heat  transferred 
an  accumulated  term  in  runout  dia 
tance  equation 

(q=  ^-H/2(l+7%) 

hydraulic  radius  (A/P*),  in  meters 
uplift  on  a  wall  surface  kg/m^ 
radius  of  a  circular  cyhnder 
slope  of  avalanche  path 
runout   distance   of   an    avalanche 
from  the  top  of  the  runout  zone,  in 
meters 

distance  of  travel  in  meters  required 
for  an  avalanche  to  reach  80%  of  ter- 
minal velocity 

transition  distance  for  uniform  flow 
to  become  reestablished  when  an 
avalanche  flows  over  less  steep  ter- 
rain but  does  not  stop 
temperature  in  degrees  kelvin 
top  width  (of  avalanche  track),  in 
meters 

time,  in  seconds 
temperature,  in  degrees  Celsius 
vertical  component  of  avalanche  ve- 
locity at  height  h*  when  an  ava- 
lanche hits  an  obstacle  m/s^  (when 
used  as  a  subscript  it  refers  to  the 
runout  zone) 

air  velocity  (after  Mellor  1968) 
velocity  of  avalanche  front  in  m/s 
(after  Mellor  1968) 
vsrind  velocity  toward  center  of  a  par- 
cel of  moving  air  in  m/s  (after  Mellor 
1968) 

avalanche  velocity  in  m/s  (after  Mel-  i 
lor  1968) 
velocity  in  m/s 

velocity  at  a  depth,  z,  below  the  sur- 1 
face  of  all  but  powder  avalanches 
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velocity  along  segment  n  and  n-1  of 
the  avalanche  path.  Same  notation 
applies  to  h'  and  \p. 
velocity  in  a  part  of  the  track  that  is 
above  a  more  gently  sloping  part, 
m/s 

velocity  in  the  more  gently  sloping 
part  of  the  track  or  runout  zone 
maximum  velocity  in  m/s 
heat  from  friction  and  compression 
in  kcal/m^  (in  appendix  A  =  weight) 
height  in  meters  above  a  reference 
datum 

depth    below    surface    of    all    but 
powder  avalanches 
angle  between  avalanche  flow  and 
the  surface  of  an  obstacle  hit  by  an 
avalanche 

specific  weight  of  flowing  snow  in 
kg/m' 

specific  weight  of  air  ( --  1.25  kg/m^) 
specific  weight  of  snow  as  the  result 
of  the  dynamic  compression  of  pres- 
sure, Pd,  over  atmospheric  pressure, 

Po 

effective  specific  weight  of  an  air- 
snow  mixture  kg/m^ 
maximum  attainable  specific  weight 
of  snow  due  to  compression  in  the 
runout  zone  in  kg/m' 


7,  =  specific  weight  of  ice  (approx.  917 

kg/m') 

jm  =  average  specific  weight  during  com- 

pression 

7o  =  average  specific  weight  of  the  natu- 

ral snov/  cover  in  starting  zone ,  in 
kg/m^ 

js  =  specific  weight  of  snow 

ju  =  specific  weight  of  deposited  snow  in 

runout  zone 

jmax  =  maximum  specific  weight  after  com- 

pression by  overpressure  pa  above  po 

7i  =  specific    weight    of    flowing    snow 

(from  Mellor  1968)  equivalent  to  7  in 
kg/m 

72  =  specific  weight  of  snow  after  impact- 

ing the  object  in  kg/m'  (after  Mellor 
1968) 

Ah  =  VV2g 

Ap  =  impact  pressure  imparted  to  an  ob- 

stacle (from  Mellor  1968) 

II  =  coefficient  of  kinetic  friction,  often 

considered  5/V  with  maximum  value 
of  0.5  for  slow  moving  avalanches 

^  =  coefficient  of  turbulent  friction  in 

m/s^ 

P  =  density  or  mass   per  unit  volume 

(kg/m^) 

i/-  =  slope  of  avalanche  path  in  degrees 

\p„and       =  angle  of  upper  (n)  and  lower  slope 

i/'„-i  (n-1) 

i/'u  =  slope  angle  in  runout  zone 
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Abstract 

Selective  overstory  removal  in  a  mixed  conifer  forest  in  the  White 
Mountains  of  Arizona  significantly  reduced  total  bird  density.  How- 
ever, a  number  of  species  attained  higher  densities  in  the  logged 
area  than  in  the  control  area.  In  both  habitats,  avian  usage  of 
Douglas-fir,  white  fir,  and  Engelmann  spruce  far  exceeded  that  ex- 
pected on  the  basis  of  foliage  volume.  Birds  were  more  frequently 
observed  on  snags  and  in  quaking  aspen  in  the  logged  area  than  in 
the  control  site.  Gray-headed  j uncos  and  house  wrens  heavily 
utilized  logging  slash.  Tall  trees  were  preferred  in  both  habitats. 
The  behavior  of  the  yellow-bellied  sapsucker,  mountain  chickadee, 
ruby-crowned  kinglet,  yellow-rumped  warbler,  and  gray-headed 
junco  was  examined  with  regard  to  tree  species  selection  and  tree 
height  preferences.  Timber  harvesting  affected  the  behavior  of  some 
species,  but  for  others  there  was  little  change. 

Keywords:  Timber  harvesting,  mixed  conifer  forest,  bird  population 
changes. 
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Bird  Population  Changes  After  Timber  Harvesting 
of  a  Mixed  Conifer  Forest  in  Arizona 


Kathleen  E.  Franzreb 


Management  Highlights 

Timber  harvesting  (selective  overstory 
removal)  in  the  White  Mountains  of  Arizona  was 
detrimental  to  some  bird  species,  but  was  benefi- 
cial to  others.  The  number  of  avian  species  in  the 
harvested  and  control  areas  (figs.  1,  2)  was 
similar.  In  1973  there  were  30  species  in  the 
harvested  area  and  29  in  the  control  area,  whereas 
in  1974  there  were  35  species  in  each  study  site. 

Species  composition  and  densities  varied 
considerably  between  the  two  study  areas. 
Several  species  such  as  the  Coues'  flycatcher^, 
purple  martin,  and  western  bluebird,  were  re- 
stricted to  the  harvested  site.  This  area  was  also 
more  suitable  for  the  red-tailed  hawk,  American 
kestrel,  yeUow-bellied  sapsucker,  oUve-sided  fly- 
catcher, violet-green  swallow,  house  wren,  and 
gray-headed  junco.  Conversely,  the  unharvested 
larea  was  preferred  by  the  western  flycatcher, 
j  brown    creeper,    golden-crowned    kinglet,    ruby- 

'    ^Scientific  names  of  plants  and  animals  mentioned  are 
listed  in  ttie  Appendices. 


crowned  kinglet,  yellow-rumped  warbler,  red- 
faced  warbler,  and  hermit  thrush. 

Total  densities  were  considerably  higher  in 
the  unharvested  habitat  each  summer. 
Population  size  may  be  determined  by  a  number 
of  factors,  including  foliage  volume,  nest  site 
availability,  degree  of  predation,  microclimate, 
and  food  abundance. 

Some  birds  showed  strong  preferences  for 
certain  tree  species,  while  other  trees  were  less 
frequently  used.  In  both  the  harvested  and  un- 
altered habitats,  birds  most  frequently  visited 
Douglas-fir,  white  fir,  and  Engelmann  spruce, 
which  were  utilized  in  excess  of  the  proportion  of 
volume  each  comprised  in  the  environment. 
Usage  of  quaking  aspen  and  snags  was  higher  in 
the  logged  area.  Ponderosa  pine  and  southwest- 
ern white  pine  were  frequented  less  than  would  be 
predicted  on  the  basis  of  foUage  volume.  By  leav- 
ing more  trees  of  the  most  desirable  species,  a  har- 
vested habitat  may  be  capable  of  supporting  more 
birds  of  some  species  than  it  would  otherwise. 

Tall  trees  were  preferred  in  both  habitats, 
undoubtedly  because  they  provided  more  foliage 


•stag- 
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Figure  1  .—The  unlogged  study  area. 


Figure  2.— The  harvested  study  area  sustained  a  moder- 
ately heavy  overstory  removal.  Logging  created  a  con- 
siderable amount  of  slash. 


volume.  The  yellow-rumped  warbler  and  ruby- 
crowned  kinglet  predominantly  selected  tall  and 
very  tall  trees.  Thus,  some  tall  trees  should  be 
left. 

Slash  piles  were  very  important,  especially 
for  gray-headed  juncos  and,  to  a  lesser  extent,  for 
house  wrens.  To  prevent  a  reduction  of  these 
species,  at  least  some  slash  piles  should  be 
allowed  to  remain  after  a  harvest. 

Snags  were  a  vital  habitat  component  for 
many  species,  particularly  those  that  nest  in 
cavities  (violet-green  swallows,  mountain  chick- 


adees, house  wrens).  Birds  use  snags  for  foraging, 
observing,  preening,  singing,  and  nesting.  The 
majority  of  nests  observed  in  the  logged  area 
were  in  snags.  Many  nests,  especially  those  in  the 
middle  or  top  of  spruce  and  fir,  were  not  found. 
Apparently,  the  relative  abundance  of  snags  as 
well  as  ease  of  finding  food  attracted  such  aerial 
foragers  as  the  violet-green  swallow  to  the  logged 
area.  There  was  evidence  of  severe  competition 
for  suitable  nest  cavities  in  snags;  numbers  of 
such  cavities  may  play  a  vital  role  in  population 
regulation  of  some  species. 


Introduction 

The  occurrence  of  avian  species  within  a 
given  habitat  depends  on  the  environment  which 
fulfills  each  species'  niche  requirements.  Habitat 
changes  can  result  in  a  reduction  in  the  number  of 
species  and  may  affect  densities  of  the  original 
species  occupying  the  area.  However,  the  altered 
habitat  subsequently  may  be  suitable  for  certain 
species  which  were  not  present  prior  to 
modification.  In  addition,  the  habitat  may  be 
enhanced  for  some  species  which  originally  oc- 
curred in  low  numbers. 

Logging  may  appreciably  affect  the  bird 
population  of  a  forest.  Clearcutting  4  to  8 
ha^  blocks  of  Douglas-fir  in  northwestern  Cali- 
fornia caused  a  marked  change  in  avian  species 
composition.  Total  bird  density  declined  initially, 
but  within  a  year  it  had  recovered  (Hagar  1960). 

Timber  harvesting  reduces  tree  densities,  fol- 
iage volume  availability,  and  amount  of  canopy. 
Open  habitat  is  more  prevalent  and  less  foliage  is 
available  for  foraging  and  nesting.  Windthrown 
timber  and  slash  piles  remaining  from  the  logging 
operation,  however,  may  provide  additional  forag- 
ing sites  for  certain  species. 

Avian  densities  and  composition  have  been 
examined  in  burned  (Blackford  1955,  Bock  and 
Lynch  1970),  flooded  (Yeager  1955),  and  strip- 


''Data  in  this  paper  are  presented  in  SI  (metric)  units. 
Some  convenient  conversions  are: 


SI 


1  kilometer  (km) 

1  meter  (m) 

1  centimeter  (cm) 

1  hectare  (ha) 

1  square  centimeter 


U.S.  equiv. 

0.62  mile 
39.37  inches 

.39  inch 
2.47  acres 

.155  square  inch 


mined  (Karr  1968)  habitats.  The  effects  of 
vegetation  removal  were  studied  by  Kilgore 
(1971).  In  these  studies,  species  densities  and 
composition  were  significantly  affected  by 
habitat  alterations. 

After  a  marked  alteration  of  the  habitat  such 
as  timber  harvesting,  species  utilizing  the  area 
may  change  their  tree  species  preferences.  In 
addition,  birds  may  forage  in  shorter  trees  than 
otherwise  would  be  selected.  Degree  of  usage  of 
trees  may  depend  on  the  amount  of  foliage  vol- 
ume each  tree  species  represents  in  the  habitat.  In 
examining  an  oak-juniper  woodland  and  pon- 
derosa  pine  forest  in  Arizona,  Balda  (1969)  found 
that  the  foliage  of  some  tree  species  was  used  at 
random,  whereas  foliage  of  others  at  given 
heights  was  either  heavily  selected  or  avoided. 
Certain  tree  species  were  preferred;  others  were 
used  in  the  proportion  they  were  available  in  the 
habitat,  while  some  were  seldom  used. 

The  purpose  of  this  investigation  was  to  de- 
termine changes  in  avian  species  composition  and 
densities  in  a  mixed  conifer  forest  after  timber 
harvesting.  Tree  species  preferences  and  tree 
height  selection  were  examined  to  determine 
changes  in  habitat  utilization. 


Description  of  Study  Area 

The  Willow  Creek  study  area  (201.6  ha 
logged;  131.2  ha  unlogged)  is  located  ap- 
proximately 80  km''  south  of  Springerville  on  the 
Coronado  Trail  in  the  Apache-Sitgreaves  Na- 
tional Forest,  Greenlee  County,  White  Moun- 
tains, Arizona.  It  is  a  USDA  Forest  Service 
experimental  watershed  ranging  in  elevation  from 
2,682  to  2,805  m.  Latitude  is  approximately  33  °6' 
and  longitude  is  109 °3'. 


Climate 

Annual  precipitation  in  the  Willow  Creek 
watershed  averaged  76.26  cm  during  the  last  15 
yrs.  The  winter  of  1973  was  extremely  wet,  with 
40.39  cm  of  precipitation  falling  between  January 
1  and  May  31.  The  long-term  mean  for  this  period 
was  17.08  cm,  which  was  most  closely  ap- 
proximated during  the  course  of  this  study  by  the 
winter  of  1974  (21.07  cm).  Precipitation  totaled 
108.1  cm  and  54.2  cm  in  1973  and  1974,  respec- 
tively (mean  76.2  cm). 

Temperature  data  for  Castle  Creek  (2,592  m 
elevation),  8  km  from  Willow  Creek,  indicated  a 
mean  daily  minimum  of  —  4.7°C,  a  mean  daily 
maximum  of  15.6°C,  and  a  daily  mean  of  5.7  °C. 
Freezing  nighttime  temperatures  occurred  sev- 
eral times  in  May  and  June  during  both  summers. 
During  the  avian  breeding  season  (May  to 
August),  the  mean  daily  maximum  temperature 
was  23.1  °C,  with  a  minimum  of  2.8 °C  and  a  daily 
meanof  13.1°C. 


S  egetation 


Vegetation  type  is  mixed  conifer  forest, 
scientific  names  for  trees  are  given  in  appendix  I. 
•\  list  of  shrubs  and  grasses,  grass-like  plants  and 
orbs  forming  the  understory  is  given  in  ap- 
)endix  II.  Ponderosa  pine  and  Douglas-fir  are 
lominant  tree  species.  In  the  harvested  area 
luaking  aspen  is  also  an  important  species. 


Methods 


calculation  of  live  foliage  volume  for  each  tree 
species.  Using  these  measurements  and  the 
following  formulas,  absolute  and  relative  values 
were  obtained  for  density,  dominance,  and  fre- 
quency: 

Total  density  of  all  species  = 

unit  area 


(mean  point-to-point  distance)^ 


Relative  density  = 


number  of  individuals  of  a  species 
total  individuals  of  all  species 


X  100 


Density  = 


relative  density  of  a  species 
X  total  density  of  all  species 

100 


Dominance  = 

(density  of  a  species) 

X  (average  dominance  value  for  a  species) 


Average  dominance  was  defined  as  basal  area 
of  all  trees  sampled  for  a  species  divided  by  the 
number  of  trees  sampled.  Basal  area  was  obtained 
by  taking 7r(d.b.h./2)2. 

Relative  dominance  = 


egetation  Analysis 


dominance  for  a  species 
total  dominance  for  all  species 


X  100 


Mature  trees  and  saplings  in  the  logged  and 
nlogged  areas  were  sampled  by  the  plotless- 
jint  quarter  method  (Cottam  and  Curtis  1956). 
ne  hundred  stations  (400  mature  trees)  were 
impled  within  a  15.5  ha  plot  in  each  area, 
aplings  (d.b.h.  less  than  7.6  cm  or  3  in  and 
iore  than  1  m  in  height)  were  considered 
;parately  (using  30  stations  in  each  area).  For 
I  e  tree  in  each  quadrant  closest  to  the  center 
fake,  the  following  data  were  taken:  species, 
1  ight,  d.b.h.  (diameter  measured  at  ground  level 
ir  saplings),  length  of  longest  branch,  distance 
f)m  the  trunk  along  the  branch  to  the  point 
viere  live  foliage  began,  height  from  the  ground 
t'the  first  branch,  and  distance  from  the  tree  to 
L9  center  stake.  These  variables  were  used  in  the 


Frequency  = 

number  of  points  at  which  species  occurs 
total  number  of  points  sampled 

Relative  frequency  = 

frequency  value  for  a  species 


total  frequency  values  for  all  species 


X  100 


Importance  Value  =  relative  density  +  relative 
dominance  +  relative  frequency 


Avian  Species  Composition  and  Densities 

Censusing  was  begun  in  June  1973  and 
continued  throughout  the  summers  of  1973  and 
1974.  All  avian  species  names  follow  the  A.O.U. 
checklist  (1957,  1973)  and  are  given  in  appendix 
III. 

The  spot-map  method  (WilHams  1936)  was 
used  to  census  birds.  A  15.5-ha  grid  pattern  was 
established  in  both  the  harvested  and  unaltered 
areas  using  plastic  flagging  placed  at  25-m  in- 
tervals along  9  parallel  lines,  each  390  m  in 
length.  Parallel  lines  were  50  m  apart.  Every  flag 
was  labeled  with  a  number  corresponding  to  the 
transect  line  and  a  letter  corresponding  to  the 
distance  traveled  from  the  beginning  of  the  line. 

Location  of  each  individual  bird  was  plotted 
on  a  grid  map.  Points  on  the  map  were  coded  to 
signify  singing  male,  nonsinging  male,  female, 
fledgling,  or  nest.  Territories  were  then  delimited 
for  each  singing  male.  Number  of  territories 
multiplied  by  two  gave  number  of  breeding  birds 
in  15.5  ha  which  was  converted  to  number  per  40 
ha,  a  commonly  used  base  in  avian  studies.  The 
study  plot  was  censused  six  times  each  month, 
beginning  one-half  hour  after  sunrise  when  avian 
activity  was  highest  and  continuing  for  up  to  3 
hrs. 

For  most  birds,  territorial  defense  declined  or 
was  nonexistent  in  August,  making  the  spot-map 
method  unreliable.  Therefore,  a  mean  of  the  June 
and  July  values  was  used  to  determine  density 
from  the  spot-map  data.  Species  diversity  values 
(H)  (Shannon  1948)  were  calculated  for  results  ob- 
tained in  each  study  area. 


Avian  Preferences  for  Tree  Species  and  Tree 
Heights 


When  a  bird  was  observed  in  a  tree,  the 
following  information  was  recorded:  bird  species, 
sex  (if  possible),  tree  species,  and  tree  height. 
Data  were  collected  throughout  the  summers  of 
1973  and  1974  at  all  times  of  day  by 
systematically  traversing  the  area  within  the  grid 
pattern. 

Data  for  tree  species  and  tree  height 
preferences  were  depicted  separately  for  five 
avian  species:  yellow-bellied  sapsucker,  mountain 
chickadee,  ruby-crowned  kinglet,  yellow-rumped 
warbler,  and  gray-headed  junco.  These  species 
were  selected  because  they  are  representative  of 
cavity,  open-cup,  and  ground-nesting  species,  and 
because  they  occurred  in  sufficient  densities  in 
both  study  areas  to  provide  adequate  sample 
sizes. 


Preferences  for  certain  tree  species  were 
noted  by  comparing  frequency  of  use  of  a  par- 
ticular tree  with  its  percent  availabihty  in  the 
habitat  as  determined  from  the  fohage  volume 
data. 

Preferences  for  trees  of  certain  heights  were 
also  ascertained  by  comparing  usage  date  to  fre- 
quency of  availability  of  each  tree  height  class. 
The  first  height  class  contained  trees  up  to  3.0  m 
tall.  Each  successive  height  class  included  all 
trees  an  additional  3.0  m  in  height,  regardless  of 
species.  To  faciUtate  comparison  of  tree  height 
selection,  heights  were  divided  into  four 
categories:  short,  trees  up  to  and  including  9  m; 
medium,  between  9  m  and  24  m;  moderately  tall, 
between  24  m  and  30  m;  and  tall,  over  30  m. 


Results 


Vegetation 

S| 

Trees  on  the  Willow  Creek  study  area  were 
harvested  by  the  overstory  removal  system.  The 
extent  of  the  treatment  is  indicated  in  table  1. 
Basal  area  was  reduced  to  only  18.6  percent  of  the  =: 
original  amount.  This  figure  is  close  to  the  16.2  :: 
percent  obtained  for  the  entire  logged  watershed 
by  Gottfried  and  Jones  (1975).  ^, 

Plotless-point   quarter   analysis   for   mature       ', 
trees  indicated  that,  in  the  control  area,  total  tree 
density  was  626.2  versus  167.7  trees  per  ha  in  the 
logged  study  site.  In  the  control  area,  Douglas-fir 
had  the  highest  density  as  well  as  the  highest        ' 
importance  value  (table  2).  Ponderosa  pine  was 
next  in  importance.  In  the  logged  area,  Douglas- 
fir   also    showed    the    highest   density    and   im- 
portance  value.    However,    snags   and   quaking 
aspen,   neither  of  which  were  removed   during 
logging,  were  next  in  importance.  The  category 
"snags"  contained  representatives  of  every  tree       ~" 
species  and  was  considered  as  one  vegetation 
type. 

In  addition  to  analysis  of  trees  with  d.b.h.  «ci 
greater  than  7.6  cm,  saplings  were  also  sampled 
by  the  same  technique  (table  3).  Aspen  was  just 
beginning  to  sucker  in  the  logged  area  during  the  .. 
summer  in  which  the  vegetation  data  were 
collected,  but  the  sprouts  were  not  of  sufficient 
height  to  be  counted.  Sprouts  were  tall  enough  to 
have  been  counted  in  1974,  but  they  did  not 
appear  to  be  of  any  importance  to  the  birds 
present.  Total  sapling  density  was  516.5  per  ha  in 
the  unlogged  area  and  354.9  per  ha  in  the  logged 
area. 

Timber  harvesting  debris,  consisting  of  limbs 
and  assorted  cull  trees,   formed  an  additional 
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Table  1.— Tree  species  density,  average  diameter  at  breast  height 
(d.b.h.  >  7.6  cm),  and  basal  area. 


Tree  density 
Logged  Unlogged 

Average  d.b.h. 
Logged  Unlogged 

Basal  area 

Tree  species 

Logged 

Unlogged 

No./ha 

Cm 

M2/ha 

Ponderosa  pine 

4.6 

112.7 

44.4 

35.7 

0.81 

16.32 

Southwestern  white  pine 

8.8 

109.6 

17.3 

20.9 

.24 

4.98 

Subalpinefir 

13.0 

3.1 

16.6 

23.0 

.35 

.15 

Douglas-fir 

42.3 

194.1 

16.0 

26.4 

2.29 

17.04 

White  fir 

19.7 

51.7 

14.9 

24.8 

.52 

4.87 

Blue  spruce 

9.6 

12.5 

13.4 

15.8 

.16 

.33 

Engelmann  spruce 

19.3 

31.3 

18.1 

21.6 

.61 

1.20 

Quaking  aspen 

29.3 

50.1 

24.0 

19.9 

1.96 

1.96 

Snag 

21.0 

61.1 

32.6 

22.4 

2.52 

4.02 

Total 

167.7 

626.2 

9.47 

50.88 

Table  2.— Composition  of  trees  (d.b.h.  >  7.6  cm)  on  a  mixed  conifer  forest.  White  Mountains,  Arizona 


Relative 

Relative 

Relative 

Importance 

Density 

density 

dominance 

frequency 
Logged  Unlogged 

value 

Species 

Logged 

Unlogged 

Logged 

Unlogged 

Logged  Unlogged 

Logged  Unlogged 

Ponderosa  pine 

No  /ha    

4.6 

112.7 

2.8 

18.0 

9.6 

30.5 

4.0 

19.3 

16.3 

67.8 

Southwestern 

white  pine 

8.8 

109.6 

5.3 

17.5 

3.1 

10.6 

6.1 

18.6 

14.5 

46.7 

Subalpinefir 

13.0 

3.1 

7.8 

.5 

4.4 

.3 

8.7 

.7 

20.8 

1.5 

Douglas-fir 

42.3 

194.1 

25.3 

31.0 

16.1 

35,2 

22.7 

26.1 

64.0 

92.3 

White  fir 

19.7 

51.7 

11.8 

8.3 

6.5 

7.6 

12.3 

8.6 

30.5 

24.5 

Blue  spruce 

9.6 

12.5 

5.8 

2.0 

2.0 

.7 

6.1 

2.5 

13.9 

5.2 

Engelmann  spruce 

19.3 

31.3 

11.5 

5.0 

7.6 

2.7 

11.9 

5.4 

31.0 

13.0 

Quaking  aspen 

29.3 

50.1 

17.5 

8.0 

18.5 

4.1 

15.2 

8.2 

51.2 

20.3 

Snag 

21.0 

61.1 

12.5 

9.8 

32.2 

8.3 

13.0 

10.7 

57.8 

28.7 

1    Total 

167.7 

626.2 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

300.0 

300.0 

Table  3. — Composition  of  saplings  (d.b.h.  <  7.6  cm)  on  a  mixed  conifer  forest,  White  Mountains,  Arizona 


jouthwestern 

white  pine 
lubalpine  fir 
)ouglas-fir 
\/hitefir 
.;lue  spruce 

ngelmann  spruce 
luaking  aspen 

nag 


Density 


Relative 
density 


Relative 
dominance 


Relative 
frequency 


Importance 
value 


>pecies 

Logged  Unlogged    Logged  Unlogged 

Logged  Unlogged   Logged  Unlogged    Logged  Unlogged 

No./ha 

'onderosa  pine 

0            56.0                0             10.8 

0             10.0                0            15.9                0            36.7 

5.9 

0.0 

171.5 

141.9 

14.7 

20.7 

0 

0 


51.7 

8.6 

292.7 

77.5 

25.8 

0 

0 

4.3 


1.7 

0 
48.3 
40.0 

4.2 

5.8 

0 

0 


10.0 

1.7 
56.7 
15.0 

5.0 

0 

0 
.8 


.2 

0 

71.1 

21.7 

2.0 

5.1 


9.1 

1.5 
63.7 
10.1 

4.9 

0 

0 
.7 


3.2 

0 
41.3 
38.1 

6.4 
11.1 

0 

0 


11.1 

3.2 
46.0 
17.5 

4.8 

0 

0 

1.6 


5.0 

0 

160.7 

99.8 

12.5 

22.1 

0 

0 


30.3 

6.4 

166.4 

42.5 

14.7 

0 

0 

3.1 


,  Total 


354.9       516.5 


100.0       100.0 


100.0       100.0 


100.0       100.0 


300.0       300.0 


understory  substratum  in  the  logged  area.  This 
debris  was  partly  collected  into  piles  by  the  For- 
est Service  and  served  as  centers  of  activity  for 
gray-headed  j uncos  and,  to  a  lesser  extent,  for 
house  wrens  (fig.  3).  On  July  30,  1973,  slash  piles 
were  burned  to  reduce  potential  fuel  for  forest 
fires. 


Figures. 
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-In  1973  the  Forest  Service  reduced  the  amount 
of  slash  by  burning. 


It  was  not  observed  in  the  logged  area  during 
1973,  and  was  seen  there  on  only  three  occasions 
in  1974. 

Overall  avian  numbers  were  higher  in  the 
unlogged  than  the  logged  area.  More  birds  were 
present  in  both  study  plots  in  1974  than  in  1973. 
The  majority  of  species  changed  in  density  from 
one  summer  to  the  next.  The  yellow-rumped  warb- 
ler was  the  most  common  species  in  both  areas. 

Data  were  analyzed  by  the  chi-square  test  to 
determine  if  differences  in  densities  of  bird 
species  between  logged  and  unlogged  areas  were 
statistically  significant.  Avian  densities  were 
divided  into  three  categories  on  the  basis  of 
species  nesting  characteristics  (ground,  open-cup, 
or  cavity).  Data  for  each  summer  were  compared 
separately.  A  highly  significant  difference  (P 
<  0.01)  in  numbers  between  the  control  and 
logged  areas  was  found  for  each  category  during 
each  summer. 

Species  most  affected  by  logging  were: 

Beneficially  Affected         Adversely  Affected 


American  kestrel 
Great  horned  owl 
Yellow-bellied  sapsucker 
Olive-sided  flycatcher 
Violet-green  swallow 
House  wren 
American  robin 
Western  bluebird 
Warbling  vireo 
Gray-headed  junco 


Western  flycatcher 
Mountain  chickadee 
White-breasted 
nuthatch 

Red-breasted  nuthatch 
Pygmy  nuthatch 
Brown  creeper 
Hermit  thrush 
Townsend's  solitaire 
Golden-crowned  kinglet 
Ruby-crowned  kinglet 
Yellow-rumped  warbler 
Red-faced  warbler 
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Avian  Species  Composition  and  Densities 

Avian  species  composition  and  densities, 
determined  separately  for  each  summer  for  the 
logged  and  unlogged  areas,  are  Usted  in  table  4. 
Although  most  species  were  present  during  both 
summers,  several  species  such  as  the  green-tailed 
towhee,  chipping  sparrow,  olive  warbler 
(unlogged  area  only),  and  Grace's  warbler 
(unlogged  area  only)  were  observed  only  one  of  the 
summers. 

Other  species  were  restricted  to  one  of  the 
study  areas.  For  the  logged  area  such  species  in- 
cluded the  purple  martin,  western  bluebird,  and 
mountain  bluebird.  In  the  unlogged  area,  restrict- 
ed species  included  the  Townsend's  solitaire  and 
Grace's  warbler.  All  of  these  species  were  present 
in  low  densities.  In  addition,  the  brown  creeper 
was  primarily  restricted  to  the  unlogged  habitat. 


These  species  showed  a  consistent  difference 
density  of  25  percent  or  more  between  the 
logged  and  unlogged  areas  during  the  breeding 
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season. 


Tree  Species  Preferences 

To  determine  tree  species  preferences,  per- 
cent observations  for  all  bird  species  were  con- 
sidered. The  relative  density  of  snags  was  used  in 
lieu  of  live  foliage  volume  available. 

In  the  unlogged  area  (fig.  4),  birds  strongly 
preferred  Douglas-fir,  white  fir,  and  Engelmann 
spruce.  Moderate  preferences  were  demon- 
strated for  subalpine  fir  and  blue  spruce.  Tree 
species  not  used  to  the  extent  they  were  available 
included  ponderosa  pine,  southwestern  white 
pine,  and  snags.  Only  quaking  aspen  was  utilized 
in  approximately  the  proportion  in  which  it  was 
available. 


Table  4.— Breeding  densities  of  birds  in  Willow  Creek 


i 
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1973 

1974 

Species  ^ 

Logged 

Unlogged 

Logged 

Unlogged 

No.140 ha..  . 

Turkey  vulture 

P2 

P 

P 

Goshawk 

P 

Red-tailed  hawk 

P 

5.1 

American  kestrel 

10.2 

P 

Band-tailed  pigeon 

P 

P 

Mourning  dove 

P 

Flammulatedowl 

10.6 

10.2 

Great  horned  owl 

5.3 

5.3 

10.2 

5.1 

Pygmy  owl 

5.3 

Saw-whet  owl 

5.3 

5.1 

Broad-tailed  hummingbird 

5.3 

5.3 

20.5 

30.8 

Common  flicker 

13.2 

10.6 

20.5 

25.6 

Yellow-bellied  sapsucker 

15.8 

10.6 

20.5 

10.2 

Williamson's  sapsucker 

2.7 

2.7 

5.1 

5.1 

Hairy  woodpecker 

10.5 

11.8 

10.2 

10.2 

Downy  woodpecker 

7.9 

5.3 

7.7 

10.2 

Northern  three-toed  woodpecker 

1.4 

2.7 

15.4 

15.4 

Dusky  flycatcher 

5.3 

2.6 

Western  flycatcher 

2.6 

47.6 

15.4 

48.7 

Coues'  flycatcher 

2.7 

Olive-sided  flycatcher 

12.8 

5.1 

Violet-green  swallow 

15.8 

2.6 

51.3 

10.2 

Purple  martin 

1.4 

2.6 

Steller's  jay 

13.2 

15.8 

28.2 

25.6 

Common  raven 

2.6 

P 

5.1 

Clark's  nutcracker 

P 

P 

5.1 

5.1 

Mountain  chickadee 

11.8 

44.7 

30.8 

58.9 

White-breasted  nuthatch 

2.6 

15.4 

Red-breasted  nuthatch 

2.6 

10.2 

25.6 

Pygmy  nuthatch 

2.6 

10.2 

25.6 

Brown  creeper 

39.5 

P 

51.3 

House  wren 

79.0 

26.3 

79.5 

7.7 

American  robin 

5.3 

12.8 

5.1 

Hermit  thrush 

36.8 

71.0 

43.6 

76.9 

Western  bluebird 

2.7 

5.1 

Mountain  bluebird 

5.1 

Townsend's  solitaire 

5.1 

Golden-crowned  kinglet 

5.3 

26.3 

5.1 

30.8 

Ruby-crowned  kinglet 

42.1 

71.0 

23.1 

74.4 

Warbling  vireo 

47.4 

21.0 

35.9 

25.6 

Orange-crowned  warbler 

2.6 

Virginia's  warbler 

5.1 

Olive  warbler 

P 

Yellow-rumped  warbler 

100.0 

131.6 

76.9 

89.8 

Grace's  warbler 

25.6 

Red-faced  warbler 

2.6 

10.6 

25.6 

Western  tanager 

15.8 

7.7 

15.4 

12.8 

Black-headed  grosbeak 

5.1 

Pine  siskin 

2.6 

7.9 

23.1 

25.6 

Red  crossbill 

45.6 

Green-tailed  towhee 

5.1 

Gray-headed  junco 

76.3 

31.6 

74.4 

51.3 

Chipping  sparrow 

5.1 
758.0 

5.1 

Total 

544.0 

632.9 

865.9 

Diversity 

2.69 

2.76 

3.15 

3.19 

^Transients:  Rufous  hummingbird,  yellow  warbler,  Cassin's  finch,  savannah  sparrow,  dark-eyed 
junco,  white-crowned  sparrow. 
^P  =  Present 
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Figure  4.— Tree  species  preferences  of  all  birds  in  thie  unlogged  and  logged  areas.  Tree 
species  were  abbreviated  as  follows:  PP-ponderosa  pine;  SWWP-southwestern  white 
pine;  AF-subalpine  fir;  DF-Douglas-fir;  WF-white  fir;  BS-blue  spruce;  ES-Engelnnann 
spruce;  and  ASP-quaking  aspen.  In  thie  unlogged  area,  foliage  volume  was  0.2%  for 
subalpine  fir  and  0.5%  for  blue  spruce. 
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In  the  logged  area,  birds  strongly  preferred 
Douglas-fir  and  Engelmann  spruce.  Ponderosa 
pine,  southwestern  white  pine,  and  aspen  were 
seldom  utilized.  Snags  and  blue  spruce  were  used 
in  approximately  the  same  proportion  in  which 
they  occurred. 

Yellow-bellied  sapsuckers  preferred 
Engelmann  spruce,  aspen,  and  snags  in  the 
unlogged  area  (fig.  5),  but  showed  preferences  for 
subalpine  fir,  Douglas-fir,  white  fir,  and  snags  in 
the  logged  area.  Aspen  was  chosen  far  less  than 
the  percent  it  was  available,  as  was  southwestern 
white  pine. 

The  mountain  chickadee  preferred  Douglas- 
fir,  white  fir,  blue  spruce,  and  Engelmann  spruce 
in  the  unlogged  area  (fig.  6).  In  the  logged  area, 
subalpine  fir  was  preferred  most,  followed  by  En- 
gelmann spruce  and  Douglas-fir. 

The  ruby-crowned  kinglet  (fig.  7)  preferred 
subalpine  fir,  Douglas-fir,  white  fir,  blue  spruce, 
and    particularly    Engelmann    spruce    in    the 


unlogged  area.  In  the  logged  area,  this  kinglet 
preferred  Douglas-fir,  white  fir,  and  especially 
Engelmann  spruce. 

The  yellow-rumped  warbler  preferred 
Douglas-fir,  white  fir,  blue  spruce,  and 
Engelmann  spruce  in  the  unlogged  area  (fig.  8), 
and  utilized  ponderosa  pine  and  southwestern 
white  pine  more  extensively  than  did  the  other 
four  birds.  Aspen  was  selected  in  about  the  same 
percent  it  was  present,  whereas  snags  were  rarely 
chosen.  In  the  logged  area,  the  yellow-rumped 
warbler  utilized  subalpine  fir,  Douglas-fir,  white 
fir,  blue  spruce,  and  Engelmann  spruce  heavily. 
Aspen  was  also  frequently  used  but  far  less  than 
expected  on  the  basis  of  foliage  volume  avail- 
ability. 

In  the  unlogged  area,  the  gray-headed  junco 
(fig.  9)  preferred  Douglas-fir,  white  fir,  blue 
spruce,  and  especially  Engelmann  spruce.  In  the 
logged  area  it  selected  subalpine  fir,  Douglas  fir, 
white  fir,  blue  spruce,  and  Engelmann  spruce.  The 
other  tree  species  were  seldom  used. 
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Figure  5.— Tree  species  preferences  of  the  yellow-bellied  sapsucker. 
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Figure  6.— Tree  species  preferences  of  the  mountain  chickadee. 
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RUBY-CRQNNED  KINGLET 
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Figure  7.— Tree  species  preferences  of  the  ruby-crowned  kinglet. 
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Figure  8.— Tree  species  preferences  of  the  yellow-rumped  warbler. 
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Figure  9.— Tree  species  preferences  of  the  gray-headed  junco. 
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Tree  Height  Preferences 


Birds  selected  moderately  tall  and  tall  trees 
most  frequently  in  both  the  control  and  harvested 
areas  (fig.  10). 

The  yellow-bellied  sapsucker  mainly  selected 
trees  21  m  or  taller  in  both  logged  and  unlogged 
areas  (fig.  11).  Short  trees  were  utilized  infre- 
quently. Height  preferences  were  strikingly 
similar  in  both  habitats. 

The  mountain  chickadee  showed  a  preference 
for  trees  taller  than  18  m  in  both  study  areas  (fig. 
12).  Smaller  trees  were  utilized  less  frequently 
and  tall  trees  more  often  in  the  control  area  than 
in  the  logged  area. 

In  both  the  logged  and  unlogged  areas,  the 
ruby -crowned  kinglet  preferred  trees  15  m  or  tall- 
er, and  strongly  preferred  the  tallest  trees  (fig. 


13).  This  species  used  trees  24  m  or  taller  con- 
siderably in  excess  of  their  frequency  of  avail- 
ability. 

The  yellow-rumped  warbler  in  both  habitats 
also  preferred  the  tallest  trees  (fig.  14).  In  the  con- 
trol area,  trees  less  than  12  m  were  infrequently 
utilized.  In  the  logged  area,  however,  trees  be- 
tween 6  and  12  m  were  used  far  more  often  than  in 
the  control  area. 

Unlike  the  aforementioned  species,  the  gray- 
headed  junco  substantially  utilized  the  shorter 
trees  (fig.  15).  However,  this  species  also  showed  a 
greater  than  expected  use  of  the  tallest  trees. 
The  majority  of  observations,  however,  were  in 
relatively  short  trees  (12  m  or  shorter). 

Tree  height  preferences  for  all  birds  utilizing 
snags  in  the  control  area  were  not  as  well  defined 
(fig.  16).  In  the  logged  area,  a  selection  of  snags  21 
m  or  taller  was  evident. 
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Figure  10.— Tree  height  preferences  of  all  birds  in  the  unlogged  and  logged  areas. 
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Figure  1 1  .—Tree  height  preferences  of  the  yeliow-belliecd  sapsucker. 
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Figure  12.— Tree  height  preferences  of  the  mountain  chickadee. 
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Figure  13.— Tree  height  preferences  of  the  ruby-crowned  kinglet. 
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Figure  14.— Tree  height  preferences  of  the  yellow-rumped  warbler. 
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Figure  15.— Tree  height  preferences  of  the  gray-headed  junco. 
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Discussion 

Avian  Species  Composition  and  Densities 

Habitat  parameters  that  may  strongly  in- 
fluence species  occurrence  and  densities  include 
food  availability  and  quality,  climate,  cover,  nest 
sites,  foliage  volume,  amount  of  open  ground,  tree 
density,  and  amount  of  canopy.  Although  the 
logged  area  of  Willow  Creek  was  only  about  0.6 
km  from  the  control  area,  some  of  the  above  param- 
eters undoubtedly  differed  between  the  two 
areas.  However,  microclimate,  food,  and  amount 
I  of  open  ground  were  not  measured. 

The  variation  in  species  densities  and  distri- 
bution may  reflect  the  climatic  conditions  of  the 
preceding  seasons.  For  example,  a  long,  wet 
jwinter  and  spring  in  1973  was  considered 
responsible  for  keeping  many  birds  from 
migrating  to  preferred  high-mountain  habitats 
[Monson  1973).  A  long,  wet  winter  also  may  have 
affected  numbers  and  species  of  insects  of  par- 
ticular importance  as  food  items.  CUmatic  con- 
ilitions,  especially  temperature,  are  critical  in 
nsect  development  and  may  account  for  85  to  90 
)ercent  of  insect  mortahty  in  the  developmental 
ptages  (Bodenheimer  1928).  Mean  daily  tem- 
peratures for  Willow  Creek  during  January  and 
Ivlarch  of  1973  were  lower  than  the  corresponding 
Ijeriod  in  1974.  Perhaps  the  cold  spell  reduced 
hsect  numbers,  which  in  turn  Hmited  the  number 
f  birds  the  habitat  could  support. 

Although  tree  species  composition  was  the 
ame  for  both  study  areas,  there  was  a  disparity 
1  the  amount  of  foliage  and  in  the  proportion 
pat  each  tree  species  contributed  to  the  com- 
jiunity.  The  logged  area  provided  birds  with  far 
•ss  foliage  in  which  to  forage  and  nest  than  did 
le  control  area.  Further,  a  large  proportion  of  the 
)liage  in  the  logged  area  consisted  of  aspen  (53 
ercent),  one  of  the  least  utilized  tree  species 
''ranzreb  1975). 

Grace's  warbler,  found  only  in  the  control 
•ea  in  1974,  foraged  primarily  in  large  pines.  Be- 
luse  very  few  pines  of  large  or  moderate  size 
ere  left  in  the  logged  area,  availability  of  this 
]ef erred  tree  species  possibly  restricted  this 
'arbler's  distribution.  Balda  (1969)  suggested 
lat  density  of  Grace's  warbler  may  be  deter- 
lined  by  the  available  volume  of  foliage. 

The  brown  creeper  was  almost  totally  re- 
Jricted  to  the  control  area.  Usually  the  creeper 
r  sted  under  the  loosened  bark  of  large  ponderosa 
fne  snags  and  foraged  on  trunks  of  medium  to 
I'ge  trees.  Its  low  density  in  the  logged  area  may 
I've  been  the  result  of  reduced  availability  of 
e  her  nesting  sites  or  suitable  trees  on  which  to 
f'-age. 

I  A  number  of  foliage-gleaning  species,  such  as 
tli  mountain  chickadee,  golden-crowned  kinglet, 


ruby-crowned  kinglet,  yellow-rumped  warbler, 
and  red-faced  warbler,  were  more  common  in  the 
control  area  which  afforded  a  larger  volume  of 
foliage.  Such  foliage  may  also  contribute  to 
protection  against  predators  and  inclement 
weather. 

The  western  flycatcher  —  which  forages  by 
hawking  —  preferred  denser  vegetation  and  was 
considerably  more  numerous  in  the  unmodified 
habitat.  Davis  et  al.  (1963)  found  that  this  species 
requires  shade,  while  Carothers  et  al.  (1973)  noted 
its  preference  for  dense  aspen  groves.  The  hermit 
thrush  also  selected  areas  with  dense  growth. 
Grinnell  and  Miller  (1944)  suggested  that  this 
thrush  requires  shade  to  escape  from  noonday 
heat. 

Hagar  (1960)  found  that  clearcutting 
Douglas-fir  resulted  in  a  substantial  change  in 
avian  species  composition  and  a  marked  increase 
in  total  numbers  within  3  yrs.  Because  Hagar 
sampled  clearcut  plots  of  5.2  ha  (13  acres),  one 
might  expect  an  increase  in  overall  numbers  and 
species  due  to  edge  effect.  A  number  of  species 
not  found  in  Hagar's  clearcut  areas  did  occur  in 
partially  harvested  Willow  Creek.  Presumably, 
the  live  trees  remaining  after  overstory  removal 
were  sufficient  for  the  western  flycatcher,  hermit 
thrush,  and  golden-crowned  kinglet  to  breed, 
though  in  reduced  numbers,  whereas  these 
species  disappeared  in  Hagar's  clearcut  areas. 

Snags  were  equally  abundant  in  terms  of 
relative  density  in  both  areas  for  cavity-nesting 
species.  Birds  sometimes  competed  for  these 
cavities.  For  example,  a  pair  of  violet-green 
swallows  unsuccessfully  attempted  to  displace  a 
pair  of  nesting  mountain  chickadees  from  their 
cavity  in  an  aspen  snag  (Franzreb  1976). 

The  Williamson's  sapsucker,  hairy  wood- 
pecker, and  northern  three-toed  woodpecker  did 
not  appear  to  differentiate  between  the  control 
and  logged  habitats.  Spruce  beetle  densities  may 
increase  in  fallen  trees  and  cull  logs,  which  may 
enhance  food  availability  for  some  woodpeckers 
(Baldwin  1968a,  1968b).  Insects  were  not  sampled 
in  the  study  area,  however. 

Shook  and  Baldwin  (1970)  found  more  north- 
ern three-toed  woodpeckers  and  hairy  wood- 
peckers feeding  on  bark-beetle-infested 
Engelmann  spruce  logs  in  a  selectively  cut  area 
than  in  either  clearcut  or  uncut  spruce  forest. 
Hagar  (1960)  concluded  that  the  common  flicker 
and  hairy  woodpecker  increased  following 
logging,  presumably  because  slash  and  isolated 
trees  that  may  be  dead  or  dying  made  the  logged 
area  more  suitable  than  the  unmodified  habitat. 
Only  the  yellow-bellied  sapsucker  showed  a 
consistent,  significant  increase  in  density  in 
Willow  Creek  as  the  result  of  timber  harvesting. 
An  increase  in  either  abundance  of  preferred  food, 
accessibility  of  food,  or  total  volume  of  food  in 
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Willow  Creek  may  have  offset  the  effects  of 
foliage  reduction  for  woodpeckers.  In  addition, 
the  increased  accessibility  to  nest  sites  —  usually 
constructed  in  aspen  —  may  also  partly  explain 
why  the  yellow-bellied  sapsucker  found  the 
logged  area  more  suitable  than  the  control  site. 

House  wrens  and  gray-headed  j uncos,  which 
forage  primarily  on  the  ground  and  debris,  were 
particularly  more  prevalent  in  the  logged  area, 
especially  in  1973  when  an  abundance  of  loose  and 
piled  slash  provided  foraging  surface,  observation 
posts,  and  —  in  the  case  of  the  junco  —  protection 
for  nest  sites.  House  wren  and  gray-headed  junco 
densities  changed  little  from  1973  to  1974,  even 
though  overall  densities  increased  substantially 
in  the  logged  area  during  this  period.  These  two 
species  might  also  have  increased  had  the  slash 
piles  not  been  burned  in  late  July  1973.  In  a  study 
comparing  clearcut  areas  to  Douglas-fir  forest  in 
California  (Hagar  1960).  the  dark-eyed  junco,  a 
congener  of  the  gray-headed  junco,  was  the  most 
numerous  of  all  birds  in  the  cutover  forest.  Hagar 
concluded  that  "removal  of  logging  debris  consti- 
tutes a  good  control  measure  for  juncos."  Junco 
numbers  following  slash  removal  by  burning  in 
this  study  certainly  support  Hagar's  findings. 

Nest  site  preferences  and  foraging  strategies 
are  important  determinants  of  species  densities 
and  occurrence  in  altered  habitats  (Bock  and 
Lynch  1970).  In  the  logged  area  in  the  present 
study,  species  such  as  the  yellow-bellied  sap- 
sucker  and  hairy  woodpecker  nested  in  live  trees 
and  foraged  in  Hve  and  dead  trees.  Other  species, 
including  the  mountain  chickadee  and  brown 
creeper  (unlogged  area  only),  nested  primarily  in 
dead  trees  but  foraged  in  live  ones,  while  some 
both  foraged  and  nested  in  live  trees  (ruby- 
crowned  kinglet,  yellow-rumped  warbler).  The 
gray-headed  junco  and  house  wren  foraged  and 
nested  in  the  logged  area,  whereas  other  species 
visited  the  logged  area  to  forage  but  nested 
primarily  in  the  unmodified  habitat.  These  in- 
cluded the  northern  three-toed  woodpecker,  red- 
faced  warbler,  and,  infrequently,  the  brown 
creeper.  Species  that  had  higher  densities  in  the 
control  area  were  mainly  bark  searchers  (pygmy 
nuthatch,  brown  creeper)  and  foHage  gleaners 
(mountain  chickadee,  golden-crowned  kinglet, 
yellow-rumped  warbler). 

Effects  of  Succession  on  the  Bird  Numbers  and 
Diversity 

Diversity  values  were  higher  in  the  control 
area  than  in  the  logged  area  for  both  summers. 
Information  is  lacking  on  avian  succession  in 
mixed  conifer  forests  in  the  West.  As  trees  in- 


crease in  foliage  volume,  height,  and  diversity  of 
life-form  after  harvesting,  the  number  of  niches 
available  for  birds  also  increases.  Johnston  and 
Odum  (1956)  found  that  each  of  the  major  suc- 
cessional  stages  had  its  distinctive  breeding  bird 
species  and  densities. 

Numerous  studies  have  indicated  an  increase 
in  avian  species  through  each  stage  in  community 
succession,  with  the  maximum  occurring  in  the 
climax  stage  (Saunders  1936,  Kendeigh  1948, 
Odum  1950,  Johnston  and  Odum  1956,  Haapanen 
1965,  Karr  1968,  Shugart  and  James  1973). 
Kendeigh  (1946)  noted  highest  density  in 
deciduous-coniferous  ecotone  stages  instead  of 
the  climax  stage.  Karr  (1968)  found  a  decrease  in 
bird  species  numbers  in  the  last  forest  stage,  a  re- 
sult in  agreement  with  Margalef  ( 1 958). 

The  logged  area  of  Willow  Creek  appeared 
similar  in  diversity  to  the  control  area,  but  it 
probably  was  incapable  of  supporting  as  large  an 
avian  population. 


Tree  Species  Preferences 

There  are  various  possible  explanations  for 
avian  selection  of  certain  tree  species,  including 
food  abundance,  availability,  and  quality.  The 
amount  of  foliage  is  also  important  since  it  pro- 
vides sources  of  insect  food,  protection  from 
predators  and  unfavorable  weather,  and  shelters 
the  nest  site  for  many  species.  Adaptive 
characteristics  must  also  be  considered. 

Southwood  (1961)  found  that  the  number  of 
insect  species  associated  with  given  tree  species 
varied  in  Britain.  Among  the  genera  of  trees  in  his 
study  —  which  occurred  in  Willow  Creek  — 
poplars  iPopulus),  pines  iPinus),  spruces  (Piccci), 
and  firs  {Abies),  had  97,  91,  137,  and  16  insect 
species,  respectively.  Southwood  did  not  deter- 
mine overall  insect  abundances,  however.  Insect 
abundance  and  number  of  species  may  also  have 
varied  among  the  tree  species  in  Willow  Creek. 

The  amount  of  foliage  present  may  be  related 
to  insect  numbers,  as  evidenced  by  the  number  of 
foraging  observations  in  heavy  foliage.  However, 
in  the  unlogged  study  area  in  Willow  Creek,  such 
was  probably  not  the  case  since  ponderosa  pine 
and  southwestern  white  pine,  the  two  tree  species 
which  contributed  the  greatest  amount  of  foliage 
volume,  were  used  far  less  than  Douglas-fir  and 
Engelmann  spruce.  In  the  harvested  area,  quak- 
ing aspen  comprised  almost  53  percent  of  the 
total  available  foliage  but  was  utilized  for  less 
than  15  percent  of  the  avian  observations. 

Foliage  volume  calculations,  however,  were 
based  on  formulas  that  did  not  consider  that  pine 
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and  aspen  foliage  was  much  less  dense  than  that 
of  spruce  and  fir.  The  foliage  per  unit  volume, 
therefore,  was  much  higher  for  the  latter  tree 
species  than  for  the  pine  and  aspen.  Hence  the 
disparity  between  avian  usage  and  calculated 
available  foliage  for  some  tree  species  may  not  be 
as  great  as  the  data  suggest.  These  observations 
indicate  that,  even  though  amount  of  foliage  may 
be  a  consideration  in  a  bird's  selection  of  a  par- 
ticular tree  species,  it  is  not  the  only  variable. 

Leaf  morphology  and  size  may  influence  the 
bird  use  of  a  tree  species.  The  large  leaves  of  quak- 
ing aspen  make  it  difficult  for  most  birds,  par- 
ticularly the  smaller  passerines,  to  perch  on  an 
aspen  branch  or  twig  and  reach  the  middle  and 
outer  portions  of  the  leaves  which  may  harbor 
insects. 


infrequently  came  in  contact  with  the  other  three 
species  because  it  preferred  short  trees  in  the 
unlogged  habitat,  and  short  or  medium  trees  in 
the  logged  area.  The  mountain  chickadee  utiUzed 
medium-sized  trees  most,  which  minimized  en- 
counters with  the  yellow-rumped  warbler  and 
ruby-crowned  kinglet.  The  latter  two  species  have 
a  greater  potential  for  competition  since  they 
frequent  tall  trees.  However,  in  the  logged  area, 
the  yellow-rumped  warbler  preferred  the 
moderately  tall  trees  while  the  ruby-crowned 
kinglet  used  the  tallest  trees  more. 

In  the  unmodified  habitat,  however,  the 
ruby-crowned  kinglet  used  the  short  and  medium- 
sized  trees  more,  while  the  yellow-rumped  warbler 
concentrated  on  the  very  tall  and  moderately  tall 
trees.  Variation  in  tree  height  selection  may  aid  in 
resource  allocation. 


Tree  Height  Preferences 

Previous  studies  assessing  the  height  of  a 
bird    while    utilizing    trees    have    related    such 
preferences  to  location  of  nest,  song  perches,  and 
preferred  foraging  locations  (Hartley  1953,  Mac- 
i  Arthur  1958,  KUham  1965,  Ligon  1968,  Morse 
1968).  Williamson  (1971)  found  that  the  female 
1  red-eyed  vireo  foraged  significantly  more  often  at 
the  height  of  her  nest,  whereas  the  male  primarily 
j  confined  his  foraging  activities  to  the  area  sur- 
I  rounding  his  singing  perches. 
I        Most  prior  studies  have  primarily  examined 
the  location  of  the  bird  in  terms  of  distance  from 
J  the  ground.  Few  studies  have  considered  the  total 
i  height  of  trees  used  by  the  bird.  Jackson  (1970) 
found  that  heights  of  trees  selected  by  foraging 
idowny  woodpeckers  depended  on  sex  of  the  bird 
and  on  whether  the  tree  was  alive  or  dead.  In  this 
jstudy,    most   species   preferred   tall   trees,    and 
selected  them  more  often  than  expected  from 
relative  frequency  values.  Perhaps  this  was  the 
result  of  the  proportionately  large  foliage  volume 
in  tall  trees,  thus  permitting  more  extensive  and 
prolonged  foraging.  A  number  of  these  species, 
isuch   as   the   kinglets,    nest   relatively   high   in 
;Conifers.  This  may  account  for  some  of  the  ob- 
served higher  utiUzation  of  tall  trees  if  these  birds 
iwere  concentrating  their  activities  near  the  nest 
ior  song  post. 

I  A  comparison  of  tree  height  selection  in- 
idicated  strong  preferences  for  tall  trees  by  four  of 
the  five  avian  species  considered.  The  yellow- 
bellied  sapsucker,  partly  because  it  foraged 
primarily  on  the  trunk,  did  not  come  in  direct 
contact  or  conflict  with  the  other  four  species, 
even  though  it  commonly  selected  tall  or 
Smoderately  tall  trees.  The  gray-headed  junco  also 
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Appendix  I 
Common  and  Scientific  Names  of  Trees 


Ponderosa  pine  Pinus  ponderosa 

Southwestern  white  pine  Pinus  strobiformis 
Douglas-fir  Pseudotsuga  menziesii 

Subalpine  fir  Abies  lasiocarpa 


White  fir 
Blue  spruce 
Engelmann  spruce 
Quaking  aspen 


Abies  concolor 
Picea  pungens 
Picea  engelmannii 
Populus  tremuloides 


Appendix  II 
Understory  Vegetation 


Shrubs 

Arizona  rose 
iBuckbrush 
I  Gooseberry 
;New  Mexican  locust 
'Rabbit  brush 
I  Snakeweed 
jSnowberry 


Grasses 

Arizona  fescue 
Blue  grama 
Canada  bluegrass 
Deergrass 
June  grass 
Kentucky  bluegrass 
Mountain  muhly 
Mutton  bluegrass 
Nodding  brome 
Roughbentgrass 
iPine  dropseed 

Sheep  fescue 
Slender  wheatgrass 


Smooth  brome 
Spike  muhly 


Rosa  arizonica 
Ceanothus  fendleri 
Ribes  montigenum 
Robinia  neomexicana 
Chrysothamnus  spp. 
Gutierrezia  sarothrae 
Symphoricarpos    palm- 
eri 


Festuca  arizonica 
Bouteloua  gracilis 
Poa  compressa 
Muhlenbergia  rigens 
Koeleria  cristata 
Poa  pratensis 
Muhlenbergia  montana 
Poa  fendleriana 
Bromus  anomalus 
Agrostis  scabra 
Blepharoneuron   tricho- 
lepis 

Festuca  ovina 
Agropyron     trachycau- 
lum 

Bromus  inermis 
Muhlenbergia  wrightii 


Squirreltail 
Timothy 
Tufted  hairgrass 
Western  wheatgrass 

Grass-like  Plants 

Sedges 

Forbs 

Aster 

Bracken 

Cinquefoil 

Dandelion 

Fleabane 

GiUa 

Goldenrod 

Lupine 

Peavine 

Rocky  Mountain  iris 

Rough  goldaster 

Russianthistle 

Sneezeweed 

Strawberry 

Trailing  fleabane 

Vetch 

Yarrow 

Western  yarrow 


Sitanion  hystrix 
Phleum  pratense 
Deschampsia  caespitosa 
Agropyron  smithii 


Carex  spp. 


Aster  spp. 

Pteridium  aquilanum 
Potentilla  spp. 
Taraxacum  spp. 
Erigeron  spp. 
Gilia  aggregata 
Solidago  missouriensis 
Lupinus  argenteus 
Lathyrus  spp. 
Iris  missouriensis 
Chrysopsis  lispida 
Salsola 

Helenium  hoopesii 
Frageria  bracteata 
Erigeron  flagellaris 
Vicia  americana 
Achillea  spp. 
Achillea  lanulosa 
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Appendix  III 

Common  and  Scientific  Names 
of  Birds 


Turkey  vulture 
Goshawk 
Red-tailed  hawk 
American  kestrel 
Band-tailed  pigeon 
Mourning  dove 
Flammulated  owl 
Great  horned  owl 
Pygmy  owl 
Saw-whet  owl 
Broad-tailed 
hummingbird 

Rufous  hummingbird 
Common  flicker 
Yellow-bellied  sapsucker 
Williamson's  sapsucker 

Hairy  woodpecker 
Downy  woodpecker 

Northern  three-toed 

woodpecker 
Dusky  flycatcher 
Western  flycatcher 
Coues'  flycatcher 
Olive-sided  flycatcher 
Violet-green  swallow 
Purple  martin 
Steller's  jay 
Common  raven 
Clark's  nutcracker 
Mountain  chickadee 
White-breasted  nuthatch 


Cathartes  aura 
Accipiter  gen  tilis 
Bu  teo  jamaicensis 
Falco  sparverius 
Columba  fasciata 
Zenaida  macroura 
Otus  flammeolus 
Bubo  virginianus 
Glaucidium  gnoma 
Aegolius  acadicus 

Selasphorus  platy- 
cercus 

Selasphorus  rufus 
Colaptes  auratus 
Sphyrapicus  varius 
Sphyrapicus  thyroi- 
deus 

Dendrocopos  villosus 
Dendrocopos  pube- 
scens 

Picoides  tridactylus 
Empidonax  oberholseri 
Empidonax  difficilis 
Contopus  pertinax 
Nuttallornis  borealis 
Tachycineta  thalassina 
Progne  subis 
Cyanocitta  stelleri 
Corvus  corax 
Nucifraga  columbiana 
Parus  gambeli 
Sitta  carolinensis 


Red-breasted  nuthatch 
Pygmy  nuthatch 
Brown  creeper 
House  wren 
American  robin 
Hermit  thrush 
Western  bluebird 
Mountain  bluebird 
Townsend's  solitaire 
Golden-crowned  kinglet 
Ruby-crowned  kinglet 
Solitary  vireo 
Red-eyed  vireo 
Warbling  vireo 
Orange-crowned  warbler 
Virginia's  warbler 
Olive  warbler 
Yellow-rumped  warbler 
Grace's  warbler 
Yellow  warbler 
Red-faced  warbler 
Western  tanager 
Black-headed  grosbeak 

Cassin's  finch 
Pine  siskin 
Red  crossbill 
Green-tailed  towhee 
Savannah  sparrow 

Dark-eyed  junco 
Gray-headed  junco 
Chipping  sparrow 
White-crowned  sparrow 


Sitta  canadensis 
Sitta  pygmaea 
Certhia  familiaris 
Troglodytes  aedon 
Turdus  migratorius 
Catharus  guttatus 
Sialia  mexicana 
Sialia  currucoides 
Myadestes  townsendi 
Regulus  satrapa 
Regulus  calendula 
Vireo  solitarius 
Vireo  olivaceus 
Vireo  gilvus 
Vermivora  celata 
Vermivora  virginiae 
Peucedramus  taeniatus 
Dendroica  coronata 
Dendroica  graciae 
Dendroica  petechia 
Cardellina  rubrifrons 
Piranga  ludoviciana 
Pheucticus  melanoce- 
phalus 

Carpodacus  cassinii 
Spinus  pinus 
Loxia  curvirostra 
Chlorura  chlorura 
Passerculus  sandwich- 
ensis 

Junco  hyemalis 
Junco  caniceps 
Spizella  passerina 
Zonotrichia  leucophrys 
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Abstract 

Schmid,  J.  M. 

1977.  Guidelines  for  minimizing  spruce  beetle  populations  in  logging 
residuals.  USDA  For.  Serv.  Res.  Pap.  RM-185.  8  p.  Rocky  Mt. 
For.  and  Range  Exp.  Stn.,  Fort  Collins,  Colo.  80521. 

Different  categories  of  logging  residuals  were  evaluated  from  the 
standpoint  of  attack  density  and  brood  production.  The  bottom  surfaces 
of  cull  logs  and  tops  generally  had  higher  attack  and  brood  densities 
than  the  upper  surfaces.  Stumps  had  considerable  variation  in  attacks 
and  brood  between  the  north  and  south  side.  General  guidelines  for 
minimizing  beetle  production  from  logging  residuals  are  developed  from 
the  results. 

Keywords:  Dendroctonus  rujipennis,  Picea  engelmannii  Parry,  spruce 
beetle  control. 
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Guidelines  for  Minimizing  Spruce  Beetle 
Populations  in  Logging  Residuals 


J.  M.  Schmid 


Beetle  Management  Guidelines 

Several  precautions  can  be  taken  to  reduce  the 
possibility  of  spruce  beetle  buildup  in  logging  resid- 
uals. Trees  should  be  cut  as  low  to  the  ground  as 
possible  to  reduce  stump  height,  preferably  less  than 
1.5  ft.  Cull  logs  and  tops  should  be  limbed  and  the 
branches  kept  away  from  the  bark  surface  of  the 
bole.  After  limbing,  the  cull  logs  and  tops  should  not 
be  piled  but  positioned  away  from  any  shade.  Their 
directional  orientation  is  not  important.  Logs  and 
tops  should  be  cut  into  short  lengths,  the  shorter  the 
better.  Naturally,  complete  removal  or  destruction  of 
all  cull  logs  and  tops  would  eliminate  the  most 
significant  host  material.  If  trees  are  logged  full 
length,  then  the  diameter  of  the  small  end  should  be 
3  to  4  in. 

Except  for  complete  elimination  of  host  material, 
even  the  previous  recommendations  will  not  prohibit 
beetles  from  inhabiting  the  bottom  surfaces  of  logs 
and  tops.  If  subsequent  evaluation  shows  beetle 
populations  in  these  surfaces  to  be  high,  they  should 
then  be  treated  by  solar  heat,  with  chemicals,  or 
burned. 

Where  a  substantial  spruc^  beetle  population 
exists  in  the  adjacent  forest,  it  may  be  wiser  to  leave 
the  logging  residuals  rather  than  remove  or  destroy 
them  immediately  after  cutting.  Since  the  beetles  will 
seek  host  material  as  they  emerge,  suitable  residuals 
will  attract  beetles  and  reduce  mortality  of  standing 
trees.  After  infestation,  the  residuals  must  be  re- 
moved or  treated. 

These  guidelines  are  applicable  under  selective, 
shelterwood,  or  clearcut  silvicultural  systems.  The 
selective  system  obviously  offers  more  shade  for  the 
residuals  than  does  a  clearcut.  Under  a  selective 
system,  prompt  removal  may  be  the  best  guideline. 


Background 

The  spruce  beetle,  Dendroctonus  rufipennis  (Kir- 
by),  kills  mature  Engelmann  spruce  in  the  spruce-fir, 
Picea  engelmannii  Parry  and  Abies  lasiocarpa  (Hook- 
er) Nutt.,  type  in  the  Central  Rockies.  Since  the  late 
1800's,  populations  of  this  bark  beetle  have  periodi- 


cally reached  outbreak  proportions  and  killed  thou- 
sands of  spruce.  The  known  documented  outbreaks 
have  originated  from  windthrown  trees,  or  residuals 
from  cutting  operations  (Wygant  and  Lejeune  1967) 
— habitat  extremely  conducive  for  brood  develop- 
ment. While  most  have  developed  from  windthrow, 
occasional  outbreaks  have  developed  from  logging 
residuals  (McCambridge  and  Knight  1972) — the  cull 
logs,  tops  and  stumps  of  trees  that  remain  after 
logging.  Infestations  in  uncut  stands  adjacent  to 
logging  areas  have  been  caused  by  beetles  that 
developed  in  logging  residuals. 

Logging  residuals  have  increased  with  the  increase 
in  timber  harvesting  in  the  spruce-fir  type.  This  fact, 
coupled  with  the  incidence  of  spruce  beetles  found  in 
these  areas,  has  concerned  forest  managers.  Many 
remember  the  catastrophic  White  River  outbreak  in 
Colorado  and,  even  though  it  didn't  develop  from 
logging  residuals,  foresee  similar  but  less  devastating 
outbreaks  developing  from  residuals.  Since  little 
information  on  populations  in  logging  residuals  was 
available,  a  study  was  undertaken  to  evaluate  beetle 
numbers  in  cull  logs,  tops  and  stumps. 


Study  Sites  and  Methods 

Areas  for  study  were  selected  on  Apache  Creek, 
Carson  National  Forest,  New  Mexico,  and  four  sites 
in  Colorado;  Greenhorn  Mountain  Road,  San  Isabel 
National  Forest;  Taylor  Mesa,  San  Juan  National 
Forest;  and  two  near  Cameron  Pass,  Colorado  State 
Forest.  The  logged  areas  were  generally  clearcut  and 
less  than  10  acres.  In  each  area  at  least  50%  of  the 
cull  logs  were  infested  with  spruce  beetles. 

North-south  transect  lines  were  run  across  each 
logging  area.  Adjacent  transects  were  one  or  two 
chains  apart  depending  on  the  size  of  the  area;  since 
most  areas  were  less  than  5  acres,  the  distance  was 
usually  one  chain.  The  N-S  transects  were  started  on 
the  southern  boundary  of  the  logging  area  on  the 
west  side.  Plot  centers  were  established  at  1-  to 
2-chain  intervals  along  each  transect. 

Four  categories  of  logging  residuals  (fig.  1)  were 
sampled:  (1)  logs  8  ft  or  less  in  length,  (2)  logs  8  ft  or 
more  in  length,  (3)  tops,  and  (4)  stumps.  When  each 


s. 


Figure  1.— Diagrammatic  sketch  of  the  4  categories  of  logging  residuals 
sampled  at  each  plot  center. 


plot  center  was  established  on  the  transect  line,  the 
nearest  residuals  in  each  category  was  sampled  (table 
1). 

Table  1.— Average  size  characteristics  of  logging  resid- 
uals  on  the  study  areas 


Logging  area 

Cam- 

Cam- 

Residual 

Apache 

San 

Taylor 

eron 

eron 

category 

Creek 

Isabel 

Mesa 

Pass  '68  Pass  '69 

Stumps  (in) 

Height 

12.6 

7.7 

14.4 

17.7 

15.0 

Diameter 

17.8 

23.5 

25.8 

26.9 

20.8 

Tops  (in) 

Diameter 

at  cut 

8.0 

8.3 

7.9 

7.5 

Logs  (<8  ft) 

Length 

5.9 

5.2 

5.3 

5.3 

Diameter 

(in)  mid- 

way 

15.9 

20.3 

23.6 

15.6 

Logs  (■>8  ft) 

Length 

29.6 

15.8 

21.0 

17.5 

20.0 

Diameter 

(in) 

large  end 

13.0 

16.2 

22.0 

15.4 

17.3 

small  end 

8.4 

12.9 

16.6 

12.8 

14.8 

A  number  of  sampling  points  were  established  on 
each  individual  log  and  top,  but  the  number  varied 
with  the  log  category  and  the  infested  portion  of  each 
unit.  The  initial  sampling  point  on  the  8  ft  or  more 
logs  and  on  tops  was  1  ft  from  the  end  of  greater 
diameter.  Additional  sampling  points  were  5  ft  or 


multiples  of  5  ft  from  the  initial  sampling  point,  i 
Samples  were  taken  throughout  the  length  of  each ' 
log  or  top.  or  to  the  end  of  the  infested  portion;  no 
minimum  diameters  were  set.   Logs  less  than  8  ft 
were  sampled  at  one  point  at  least  1  ft  from  either 
end. 

A    bark    sample,    6    in    by   6    in,    was    removed 
from   each    of  four   surfaces    (top,    two    sides    and 


Cull  log  with  bark  samples  removed. 


bottom)  on  the  circumference  of  the  logs  at  each 
sampling  point.  Identically  sized  samples  were 
removed  from  the  upper  and  lower  surfaces  of  the 
top  at  each  sampling  point,  and  from  the  north  and 
south  sides  of  stumps.  If  stump  height  was  3  ft  or 
more  on  one  or  both  sides,  upper  and  lower  samples 
were  taken  on  the  longer  side.  The  upper  samples 
were  taken  just  below  the  cut  and  the  lower  samples 
slightly  above  ground  level.  Attacks,  length  of  egg 
galleries,  number  of  beetles,  and  diameter  at  the 
sampling  point  were  recorded  for  each  bark  sample. 
Samples  were  taken  so  that  there  was.no  torn  bark, 
woodpeckering,  or  branches  in  the  sample. 

In  the  Apache  Creek  area,  beetles  were  only  found 
in  the  logs  exceeding  8  ft.  In  the  San  Isabel  area, 
logs  less  than  8  ft  had  been  turned  by  forest  staff  and 
did  not  represent  the  true  situation. 

Means  of  the  attack  and  brood  data  were  analyzed 
for  significant  differences  within  and  between  sur- 
faces of  a  particular  logging  residual,  between  units 
of  the  four  different  categories,  and  between  transect 
lines  with  unpaired  "t"  tests.  Differences  were  tested 
for  significance  at  the  .05  level. 


Results  and  Discussion 
Attack  Densities 

Mean  attack  densities  in  the  logs  exceeding  8  ft 
were  generally  highest  (1-8  per  ft^)  on  the  bottom 
surface  and  lowest  (<  1)  on  the  top  surface  in  all 
areas  (table  2).  On  the  lateral  surface,  densities  (1-4) 
were  generally  intermediate  between  densities  on  the 
top  and  bottom  surfaces. 

Mean  attack  densities  in  logs  less  than  8  ft  in 
length  had  different  patterns  between  surfaces  in  the 
different  areas  (table  3).  Densities  in  the  Taylor 
Mesa  area  were  highest  (3-6)  on  the  bottom,  inter- 
mediate (1-3)  on  the  lateral  surface,  and  almost  zero 
on  top.  Residuals  in  the  two  areas  from  Cameron 
Pass  had  greater  densities  on  the  bottom  surface 
than  on  the  top,  but  the  bottom  and  lateral  surfaces 
were  not  significantly  different. 

In  tops,  mean  attack  densities  were  significantly 
higher  on  the  bottom  surface  (2-3)  than  on  the  top 
surface  (<l)  in  all  areas  (table  4).  Beetles  attacked 
tops  down  to  a  diameter  of  3  to  4  in. 


Table  2. 

—  Mean  number  of  attacks  and  live  brood  per  ft'  of  bark  in  logs  exceeding  8  ft  in  lengtti 

Logging  area 
and  sampling 

Number  of 
samples                                       Attacks                                                    Brood 

date 

Top  Lateral  Bottom         Top          Lateral       Bottom         Top             Lateral 

Bottom 

Apache  Creek 

June  21-23,1968  72  133 

August  15-16,  1968  73  141 

San  Isabel 

July  22-24,1968  53  104 

Sept.11-13,  1968  53  105 

Taylor  Mesa 

August  17-21,  1968  77  153 

July  14-17,  1969  74  148 

August  16-17,  1969  77  154 

Cameron  Pass 

July  2-11,1968  74  144 

August  27-30,  1968  74  144 

Cameron  Pass 

Sept. 14,  1968  18  36 

July  1-3,1969  45  92 

August  25-27,  1969  45  90 


70 
71 

53 
52 


0.3  +  0.2  0.5  +  0.2  1.4  +  0.4  2.5+  1.0  6,4+  1.4  18.8+  3.3 

0.2  +  0.1  0.3  +  0.1  0.5  +  0.2  0.3+  0.2  3.2+  1.1  7.7+  2.1 

0.5±0.2  1.0  +  0.1  1.2  +  0.3  11.2+  3.9  32.4+  7.8  38.6+  9.6 

0.5  +  0.2  0.7  +  0.2  1.0  +  0.4  1.4+  0.7  11.0+  2.3  23.6+  5.5 


77  0.7  +  0.3  2.7  +  0.4  8.7  +  0.7  32.6±15.3  117.8  +  16.8  304.9±25.3 

74  0.8±0.4  2.7  +  0.4  6.8  +  0.7  1.4+    0.8  25.2+    3.7  91.4+    8.4 

77  0.3±0.1  1.2  +  0.1  3.4  +  0.5  0  16.1+    2.8  75.4+    7.1 

74  0.5  +  0.2  2.1+0.3  3.0  +  0.4  16.0+    5.6  40.7+    6.7  80.7+    9.9 

74  0.5  +  0.2  2.3  +  0.3  3.6  +  0.5  1.0+    0.6  14.0+    2.0  60.4+    7.0 

18  1.6  +  0.8  4.4  +  0.7  4.0  +  0.9  53.6+19.7  106.0±16.6  148.0  +  27.4 

45  0.7  +  0.2  3.6  +  0.4  4.5+0.6  7.7+    3.6  44.0+    4.2  70.2+    7.4 

45  0.5  +  0.3  3.0  +  0.4  3.8  +  0.6  1.1+    1.0  17.6+    2.5  51.7+    7.3 


[ 


Tcible  3.  — Mean  number  of  attacks  and  live  brood  per  ft'of  bark  in  logs  less  than  8  ft  in  lengtii 


Logging  area 
and  sampling 
date 


Number  of 
samples 


Attacks 


Brood 


Top  Lateral  Bottom 


Top 


Lateral       Bottom 


Top 


Lateral 


Bottom 


Taylor  Mesa 
August  17-21,  1968 
July  14-17,  1969 
August  16-17,  1969 

Cameron  Pass 
July  2-11,1968 
August  27-30,  1968 

Cameron  Pass 
Sept.  14,  1968 
July  1-3,  1969 
August  25-27,  1969 


12 

24 

12 

12 

24 

12 

12 

24 

12 

14 

28 

14 

14 

28 

14 

4 

8 

4 

12 

23 

12 

12 

23 

12 

0  2.8  +  0.9     6.0  +  1.9         0 

0.7  +  0.7      1.7  +  0.7      3.0  +  1.7         0 
0.3  +  0.3     1.7  +  0.8     2.2  +  1.0        0 


80.0  +  27.0      179.0  +  54.0 

18. 7±    8.4        71.0  +  25.7 

5.3±    2.8        51.0+19.0 


2.0+1.0  3.2  +  0.7  2.6  +  1.4  26.6  +  16.3  51.8  +  12.1  32.6+12.6 

2.3+1.4  2.8  +  0.6  2.0±1.2  10. 6±    8.9  44.6+16.9  24.6+    8.1 

1.0+1.0  5.0  +  1.5  5.0  +  1.9  27.0±23.2  109.0  +  34.0  145.0  +  42.9 

0  3.7  +  0.8  2.3  +  1.2  4.3+    4.3  41.5+    9.5  41.0+12.0 

0.3  +  0.3  2.2  +  0.7  0.7  +  0.4  3.3+    3.3  30.3+    9.0  27.3  +  13.8 


1 
I 


Table  4. 

—  Mean  number  of  attacks  and  live  brood  per  ft 'of  bark  in  tops 

Logging  area 
and  sampling 
date 

Number  of 
samples                        Attacks                                Brood 

Top  Bottom             Top             Bottom             Top             Bottom 

San  Isabel 

July  22-24,  1968 
Sept.  11-13,  1968 

Taylor  Mesa 

August  17-21,  1968 

July  14-17,  1969 

August  16-17,  1969 
Cameron  Pass 

July  2-11, 1968 

August  27-30,  1968 
Cameron  Pass 

Sept.  14,  1968 

July  1-3,  1969 

August  25-27,  1969 


67 

67 

67 

68 

57 

55 

56 

56 

56 

56 

56 

55 

55 

54 

16 

16 

42 

42 

42 

42 

0.4  +  0.2  1.0  +  0.2          4.8+  3.2  53.2  +  10.4 

>0.1  1.2  +  0.3         1.6+  1.2  46.4+    8.0 

0.1  ±0.1  3.1+0.5  10.4+  3.2  164.8  +  28.0 

0  2.1  +0.4         0  54.0+    9.6 

0.2  +  0.1  1.8  +  0.4         0  30.0+    5.6 

0.6  +  0.3  3.4  +  0.6         9.6+  4.0  91. 2±    8.0 

0.2  +  0.1  3.0  +  0.4         3.6+  1.6  24.4  +  10.8 

1.2±0.1  2.8  +  0.8  26.4±24.0  102.8  +  40.8 

0.3  +  0.2  2.8  +  0.6         4.0+  3.2  43.2+    8.0 

0.2±0.2  1.8  +  0.4         0  24.4+    4.8 


Attacks  in  stumps  varied  between  the  north  and 
south  sides,  top  and  bottom  samples,  and  between 
study  areas  (table  5).  The  south  sides  had  significant- 
ly higher  densities  in  the  San  Isabel  area  while  the 
north  sides  were  higher  in  one  area  at  Cameron  Pass. 
The  top  and  bottom  north  samples  in  the  second 
area  at  Cameron  Pass  were  different,  but  in  most 
areas  these  samples  generally  differed  by  only  one 
attack.  Attack  densities  were  not  consistently  dif- 
ferent between  the  top  and  bottom  samples  as  they 
were  in  Dyer  and  Taylor's  (1971)  study. 

Attack  densities  were  generally  uniform  along  any 
of  the  three  surfaces  on  the  logs  exceeding  8  ft, 
except  for  the  ends  and  shaded  top  surfaces.  This 
generally  agrees  with  McComb  (1953)  who  found  a 
uniform  density  of  attacks  throughout  the  boles  of 
trap  trees  except  for  low  counts  in  the  initial  portion 
above  the  cut. 

The  top  surface  of  epcposed  material  was  attacked 
only  where  it  was  shaded  by  branches  from  the  limb- 
ing operation  or  crisscrossed  logs.  These  shaded 
surfaces  sustained  attack  densities  comparable  to 
those  on  the  lateral  or  bottom  surfaces. 


Removing  bark  sample  from  stumps. 


Table  5.  — Mean  number  of  attacks  and  live  brood  per  ft^of  bark  in  stumps 
(letters  T  and  B  in  parentheses   indicate  top  and  bottom  samples) 


Logging  area 
and  sampling 

Number  of 
samples 

Attacks 

Brood 

date 

North 

South 

North 

South 

North 

South 

San  Isaoei 

July  22-24,  1968 

19 

19 

0.2  +  0.2 

0.8  +  0.5 

14.3  +  13.9 

28.2  +  21.4 

Sept.11-13,  1968 

19 

19 

0.2+0.2 

0.6  +  0.5 

3.6+    3.2 

11.2+    9.0 

Taylor  Mesa 

August  17-21,  1968 

32 

30  (T) 
(B) 

4.2  +  1.2 
4.9  +  2.0 

4.2  +  0.9 
5.4  +  2.2 

203.6  +  68.0  124.8+29.5 
204.3  +  85.0  126.6  +  62.1 

July  14-17,   1969 

30 

27  (T) 
(B) 

1.3  +  0.7 
2.6+1.2 

1.3  +  0.7 
2.5  +  2.5 

17.7+    6.8 
19.6  +  10.0 

13.3+    9.3 
3.1  +    2.6 

August  16-17,  1969 

32 

22  (T) 
(B) 

1.8  +  0.7 

2.9  +  1.1 

1.2  +  0.6 
2.0  +  1.2 

26.7+    5.2 
45.7  +  15.7 

12.7+    4.8 
0 

Cameron  Pass 

July  2-11,1968 

42 

42  (T) 
(B) 

2.3  +  0.6 
3.3  +  0.8 

2.8  +  0.8 
3.1  +1.6 

49.1  +12.3 
65.6  +  15.9 

44.6+12.6 
43.2+15.3 

August  27-30,  1968 

35 

34  (T) 
(B) 

2.6±0.7 
2.4  +  0.8 

2.0  +  0.7 
1.4  +  0.7 

18.2  +  10.2 
37.9  +  16.6 

5.6±    2.5 
20.0  ±    9.6 

Cameron  Pass 

Sept.  14,  1968 

6 

9(T) 
(B) 

9.3+3.5 
5.3+3.5 

3.2  +  2.3 
2.0+1.2 

194.7±82.5  140.8  +  91.0 
80.0  +  40.3  100.0  +  62.4 

July  1-3,   1969 

14 

24  (T) 
(B) 

3.6+1.0 
2.7  +  1.3 

2.2  +  0.7 
1.8  +  0.8 

39.6  +  12.6 
33.3  +  16.4 

30.8+    9.5 
39.0  +  11.9 

August  25-27,  1969 

15 

21  (T) 
(B) 

0.7  +  0.5 
3.0  +  1.9 

1.5  +  0.8 
2.0  +  0.8 

6.6+    3.3 
15.0+10.4 

7.4+    3.5 
12.5  +  10.8 

Along  the  bottom  surface,  attacks  were  often  less 
numerous  within  1  to  2  ft  of  either  end  of  the  log 
than  in  intermediate  samples.  The  phloem  near  the 
ends  was  drier  and  thus  less  suitable  for  attack. 

Densities  along  the  bottom  were  also  affected  by 
contact  of  the  log  with  the  ground,  which,  as 
McComb  (1953)  notes,  prevents  beetles  from  reach- 
ing the  bark  surface.  Ground  contact  also  increased 
the  moisture  content  of  the  bark,  which  enhances 
fungus  development.  McComb  (1953)  and  Nagel  et 
al.  (1957)  noted  that  fungus-covered  bark  was  free  of 
beetle  attacks. 

Ground  contact  and  moist  bark  also  explained  why 
the  8  ft  or  less  logs  in  some  areas  had  greater  attack 
densities  on  the  lateral  surface  than  on  the  bottom; 
the  shorter  the  log,  the  greater  the  possibility  of  it 
sinking  into  the  ground  and  thereby  excluding  beetle 
attacks. 

Ground  conditions  frequently  affect  attack  densi- 
ties. If  the  ground  is  unfrozen  and  wet  when  the  log 
is  felled,  the  log  will  usually  sink  into  the  ground  and 
become  unavailable  along  the  bottom.  Logs  felled  on 
frozen  wet  ground  may  sink  in  during  the  thawing 
season.  Since  beetle  attack  nearly  coincides  with  the 
"spring  runoff,  logs  in  the  path  of  running  water 
may  be  unattractive  to  beetles. 

Attack  densities  along  the  top  surface  of  the  logs 
in  this  study  (0.3-1.6)  were  nearly  identical  to  those 
(0.0-0.2)  found  by  Dyer  and  Taylor  (1971)  in  logging 
slash  in  British  Columbia.  Densities  on  the  bottom 
surface  (1.4-8.7)  had  a  greater  range  than  those  of 
Dyer  and  Taylor  (2.2-4.5).  Neither  study  had  attack 
densities  quite  as  large  as  those  found  by  Nagel  et  al. 
(1957),  which  were  1.9  and  12.7  on  the  top  and 
bottom  surfaces  of  exposed  trap  trees. 

Attack  densities  can  be  misleading  as  indicators  of 
population  trend  because  of  significant  variation 
within  the  individual  logging  residual  (stump,  top  or 
log),  as  well  as  between  the  residuals  and  between 
the  same  residuals  in  different  transect  lines.  In 
stumps,  26%  to  84%  of  those  sampled  in  the  five 
areas  had  no  attacks.  In  tops,  8%  to  47%  were  not 
attacked.  In  logs  8  ft  or  less,  and  8  ft  or  longer,  0%  to 
63%  and  0%  to  17%,  respectively,  were  not  attacked. 

The  number  of  attacks  is  partially  a  function  of 
logging  procedures.  Since  beetles  prefer  shaded  host 
material,  piled  logs  will  have  a  higher  density  of 
attacks  than  more  exposed  logs,  regardless  of  their 
location  in  the  cutting  area.  Exposed  logs  near  the 
edge  of  a  cutting  area  will  have  fewer  attacks  per  ft^ 
than  logs  covered  by  branches  near  the  center  of  the 
area.  This  partially  explains  why  certain  transect 
lines  had  higher  attack  densities  than  others,  and 
why  some  logs  were  unattacked. 

The  unattacked  host  material  further  clarifies  the 
point  raised  by  Lister  et  al.  (1976),  who  suggested 
that  attack  densities  were  governed  to  a  large  degree 
by  the  existing  beetle  population  and  the  amount  of 


downed  host  material — in  this  case,  logging  resid- 
uals. When  the  resident  beetle  population  is  quite 
low.  such  as  in  Apache  Creek,  even  a  small  logging 
area  may  have  more  cull  material  than  can  be 
thoroughly  occupied  by  the  beetles.  The  remainder 
becomes  unsuitable  before  additional  attack  is  pos- 
sible the  next  year.  Thus  a  large  percentage  of  the 
residuals  remains  unattacked  so  that  the  mean  densi- 
ties are  low.  In  the  other  extreme,  when  the  resident 
beetle  population  is  high,  the  host  material  is  more 
densely  attacked  and  mean  densities  are  high.  Car- 
ried to  a  logical  conclusion,  attack  densities  might 
approach  those  found  by  Nagel  et  al.  (1957)  on 
exposed  trap  trees.  Of  course,  only  the  resident 
beetle  population  has  been  varied  in  this  discussion. 
In  reality,  the  amount  of  residual  host  material  also 
varies,  both  in  amount  per  acre  and  by  the  number 
of  logged  acres.  Thus,  mean  attack  densities  must  be 
viewed  in  relation  to  the  conditions  from  which  they 
were  derived. 

Between  sampling  periods,  attack  densities  re- 
mained about  the  same.  This  suggests  that  there  is 
no  secondary  infestation  of  the  host  material  by 
another  generation  of  adults.  In  general,  logging 
residuals  are  either  infested  by  beetles  the  first  time 
they  are  available  during  an  attack  period  or  they 
become  unsuitable  by  the  next  attack  period  a  year 
later.  The  attack  densities  obtained  during  the  sum- 
mer of  attack  are  the  best  estimates. 


Brood 

Beetle  numbers  in  logs  exceeding  8  ft  were  highest 
(19-305  per  ft^)  along  the  bottom  surface,  inter- 
mediate (6-118)  on  the  lateral  surface,  and  lower  (2- 
54)  along  the  top  (table  2).  Numbers  were  signifi- 
cantly different  between  surfaces  in  each  area.  The 
brood  was  generally  uniform  within  the  lateral  or 
bottom  surfaces  except  near  the  ends  ef  where  much 
of  the  bark  on  the  bottom  touched  the  ground.  This 
uniformity  in  brood  and  density  of  attacks  along  the 
lateral  and  bottom  samples  indicates  that  a  single 
sample  anywhere  along  these  surfaces  will  reflect  the 
density  therein. 

Beetle  numbers  in  logs  less  than  8  ft  generally' 
followed  the  same  pattern  as  the  densities  in  the 
longer  logs  except  that  the  numbers  on  the  lateral 
surfaces  were  equal  to,  or  higher  than  the  numbers 
on  the  bottom  in  two  areas  (table  3).  Numbers  were 
significantly  different  between  surfaces  during  the 
first  sampling  period  in  Cameron  Pass,  but  became 
insignificant  in  succeeding  sampling  periods. 

The  bottom  surface  of  tops  had  significantly 
higher  beetle  densities  (60-165)  than  the  upper  sur- 
face (5-26)  during  the  first  sampling  periods  for  each 
area,  and  this  difference  remained  unchanged  in 
later  samplings  (table  4). 


Brood  Mortality 

Brood  mortality  in  the  top  surface  of  tops  and  cull 
logs  approached  100%  by  the  end  of  the  second 
summer,  except  where  branches  or  logs  covered  the 
surface.  This  mortality  is  primarily  attributable  to 
high  bark  temperatures  (Mitchell  and  Schmid  1973). 
High  temperatures  also  dry  the  phloem,  which 
becomes  less  suitable  for  larval  development. 

Mortality  in  the  lateral  and  bottom  surfaces  of  cull 
logs  and  the  bottom  surface  of  tops  generally  ex- 
ceeded 50%  between  the  summer  of  attack  and  the 
next  summer;  in  some  bottom  surfaces,  mortality 
exceeded  75%  (table  6).  Mortality  during  the  latter 

Table  6. —  Percent  mortality  of  the  broods  between 
sampling  periods,  by  area 


Logging  area 


Logging 
residual 


Cam-       Cam- 
Apache       San        Taylor       eron         eron 
Creek      Isabel       Mesa    Pass  '68  Pass  '69 


Stumps 
Top,  north 
Bottom, 
north 

Top,  south 
Bottom, 
south 

Tops 
Top 
Bottom 

Logs,  <  8  ft 
Top 
Lateral 
Bottom 

Logs  >  8  ft 
Top 
Lateral 
Bottom 


65 


'75         91   ^87        63         80  ^97 


'60 


90     78 
89     90 


42 
87 


98  100        54 


58     81 
78     95 

61     87 


51 
59 


69       100  100        63         84  100 
21  67     82        35         58     76 


0  0       0        60         44     88 

45         60     72        14         72     81 
61  77     93        25  62     72 


87  96  100  94  86  98 
66  70  75  66  50  63 
39  79     86        25  58     84 


Stumps  lacked  enough  height  to  be  subdivided  into  top 

land  bottom  samples. 

12 
This  column  indicates  mortality  between  first  and  third 

sampling   periods;  all  other  columns   indicate   mortality 

jbetween  first  and  second  sampling  periods. 

rEstimates  indicated  no  change  or  higher  densities  dur- 
ing the  subsequent  sampling  period. 


summer  varied  by  brood  density.  Where  densities 
jwere  relatively  low  (Apache  Creek  and  San  Isabel), 
densities  decreased  more  than  50%  in  the  second 
Kummer.  Where  densities  were  relatively  high  (Taylor 
Mesa  and  Cameron  Pass),  they  decreased  25%  or 
jess  (table  6).  This  mortality  was  due  to  physical  and 
miotic  factors. 
Brood  mortality  in  stumps  generally  approached 

K)%  between  sampling  periods  in  consecutive  years. 
Vlortality  averaged  about  65%   during  the  second 

ummer  of  development.  Dehydration  of  the  phloem 


caused  much  mortality  because,  as  the  phloem  near 
the  the  cut  surface  dried,  it  separated  from  the  wood 
and  exposed  the  brood.  Bark  separation  also  allowed 
water  to  run  between  the  phloem  and  the  xylem, 
temporarily  causing  the  phloem  to  become  too  moist 
and  unsuitable  for  larval  development.  The  bark  on 
stumps  was  more  frequently  scraped  than  on  other 
categories  of  logging  residuals,  and  this  also  caused 
mortality. 


Beetle  Production  by  Residual  Category 

Beetle  production  was  generally  highest  in  logs 
exceeding  8  ft  (table  7)  because  of  their  greater  bark 
surface  area  (dependent  on  the  log's  diameter  and 
length).  Logs  less  than  8  ft  usually  produced  more 
beetles  than  tops  except  when  they  were  unusually 
short  or  small  diametered.  Stumps  accounted  for  the 
smallest  percentage  of  beetles  because  of  their 
limited  bark  surface  and  high  brood  mortality. 


Table  7.  — Number  and  percent  of  spruce  beetles 
associated  with  the  average  logging  residual  unit  ^ 

Logging  area 


Logging 
residual 


Cam-       Cam- 
Apache       San       Taylor       eron         eron 
Creek      Isabel       Mesa     Pass  '68  Pass  '69 


Stumps 
Tops 

Logs    <8  ft 
Logs    >8  ft 


No. 
,0 

2~    2_ 

302  100 


%     No.     % 

,  0      29     2 

—    730  43 

215  13 

717  42 


NO.  % 
177  4 
432  10 
522  12 


No.    %  No.     % 

212    7  71     3 

470  15  296  10 

870  27  443  16 


3,212  74  1,623  51  1,962  71 


Numbers  calculated  from  mean  brood  densities  at  time 
of  last  sample  and  bark  surface  areas  based  on  dimen- 
sions in  table  1 . 
p 

Inadequate  number  sampled. 

Each  category  of  logging  residuals  was  not  always 
equally  represented  in  every  area.  For  every  cut  tree 
there  was  always  a  stump  and  top,  but  cull  logs  (both 
sizes)  were  less  frequent.  When  the  relative  frequency 
of  each  category  is  considered  in  the  production  of 
beetles,  the  number  and  percent  of  produced  beetles 
changes  drastically  for  some  categories  (table  8). 

Table  8.  — Number  and  percent  of  spruce  beetles  associ- 
ated with  the  weighted  average  logging  residual  unit. 
Percent  may  not  add  to  100  because  of  rounding 


Logging  area 


Logging 
residual 


Apache      San 
Creek      Isabel 


Cam-  Cam- 
Taylor  eron  eron 
Mesa    Pass  '68  Pass  '69 


No. 
Stumps  0 

Tops 

Logs    <8  ft  302 
Logs    f  8  ft 


%     No.     %    No.     %     No.    %     No.   % 
0      116    3      885  1 4      700  1 5      476  1 0 

—  2,920  75  2,160  33  1 ,551  33  1 ,983  41 
100      717  18  3,212  49  1,623  34  1,962  4(K 

—  129    3      235    4      870  18      443    9^1'' 


o 


Due 


